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ABSTRACT 
A study of the atmospheric parameters of a sample of M dwarfs of 
different kinematic populations clarifies the separation of the lower main 
sequence into three groups of different age or composition. These arc: 
(1) the young, contracting stars, superluminous in the HR diagram and 
distinguished by their lower gravity, 
(2) a reference Zero Age Main Sequence of solar composition, 
(3) the metal deficient stars, subluminous in the HR diagram and dis-
tinguished by their metal abundance. 
These populations are separated by JHK infrared photometry through 
the sensitivity of the color J-H to the gas pressure in the photosphere 
of M dwarfs. Supporting spectrophotometric indicators of gravity (CaH 
bands) and composition (TiO bands) are also calibrated by line blanketed 
theoretical model atmospheres. It is suggested that this atmospheric basis 
for the separation of populations is preferable to the corresponding, but 
mor e statistical, kinematic basis. 
The structure of the lower main sequence in the theoretical HR 
diagram (derived from RIJHKL photometry) is in qualitative agreement with 
the results of stellar interior calculations. The quantitative predictions 
are also compared with observations. 
Finally, a test of the abundance calibration of the TiO bands is 
made by high dispersion spectroscopy of the nearby M subdwarf, Kapteyn's 
star. The metal deficiency apparent from lines of Fe I and Ti I concurs with 
the estimate from the TiO bands. The strength of the Ca II IR triplet is 
somewhat discrepant, however. Interpretation of the spectra of M dwarfs 
is severely complicated by the effects of pressure broadening. Howeve r, 
the TiO bands (and Ca II lines) suggest a wide range of metal abundances 
among the nearest halo stars . 
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INTRODUCTION 
The impetus for the study of M dwarfs derives from their domination 
of the stellar luminosity function and from the hidden mass they may con-
tribute to a variety of stellar systems . The important role of these low 
mass stars in galactic synthesis studies , dynamical models of globular 
clusters and the dynamical equilibrium of our own Galaxy in the solar 
neighbourhood has been emphasised by many workers in these fields.* 
Less attention, however, has been paid to the nature of M dwarfs 
themselves , their evolutionary history and its dependence on composition 
and age. 
Nevertheless some of the "hidden mass" theories may only be confront-
ed by obs e rvations through recognition of what we may call the different 
populations which make up the lower main sequence. Identification of the 
slowly contracting precursors of Staller's (1975) black dwarfs is one such 
example. Another concerns the very old, low mass stars of "heavy halo" 
models for spiral galaxies (see Freeman et al . 1975). 
Accordingly, the broad aim of this thesis is to clarify the evolu-
tionary history of the lower main sequence in the solar neighbourhood and 
to enable spectrophotometric recognition and interpretation of the differ-
ent populations. 
(a) Three Populations 
On kinematic criteria Eggen (1973) has identified three distinct 
populations among the nearby M dwarfs. They define, on average, three 
distinct main sequences in the (MI, R-I) color-magnitude diagram. 
The first of these is composed of stars belonging to the young di k 
population . The Hyades provide an upper limit to the age of this population. 
For (R-I) > 0.7 this sequence becomes steadily more luminous than the mean 
K 
* See, for example, Whitford (1974), Da Costa and Freeman (1976), Oort (1974) 
and references therein. 
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of t h e old disk stars . Eggen has suggested that these stars are in the late 
stages of pre-main-sequence contraction. The stars of the old disk popula-
tion lying below this show a significantly larger intrinsic dispersion than 
is evident further up the main sequence . Finally, the unevolved halo pop-
ulation forms a sequence parallel to the main sequence, lying 1.4 magnitudes 
below it at (R-I)K = 0.7. Dynamical arguments combined with the ultraviolet 
excess of the G and K stars (Eggen et al . 1962) suggest that the halo popula-
tion as a whole is of the age and composition of the globular clusters. The 
subluminosity of unevolved halo dwarfs has consequently been attributed to 
metal deficiency. 
An observational basis for the hypothesis that young M dwarfs might 
still be contracting to the main sequence · was first discussed in detail by 
Herbig (1962). Herbig pointed out that dMe stars showed similarities with 
T Tauri stars and tended to lie above the main sequence of normal dM stars. 
He acknowledged, however, that a subset of dMe stars would simply be close 
binaries, in which emission lines tended to be generated for unknown reasons 
regardless of age. Recently Ve eder (1974) has challenged this picture by 
arguing that the dMe stars are redder (not brighter) than normal dwarfs due 
to additional line blanketing. 
The subluminosity of the halo main sequence has also been confused 
by uncertainty about the effects of line blanketing. The e xistence of a 
sequence intermediate between the main sequence and white dwarfs has bee n 
known since the work of Adams et al . (1935). Eggen and Sandage (1962), 
however, showed that a sample of these stars with B-V < 0.8 were restored 
to the Hyades main sequence in the (M, B-V) plane by line blanketing 
V 
corrections . Neverthe less, further work on subdwarfs of later type in less 
blanketed colors has shown that a separate sequence of subdwarfs does e xist 
(Cayrel 1968; Eggen 1973). The disappearance of this separation for earlier 
types has been attributed to evolutionary brightening of these stars . Much 
of the weight of this conclusion on the unevolved halo main sequence rests 
J 
upon the M dwarfs. Since it is unclear to what extent the differential line 
blanketing arguments of Veeder (1974) apply to subdwarfs , further investiga-
tion s are required . 
If the evolutionary picture obtained above by segregation of M dwarfs 
into populations of different age is correct , it follows that a range of 
atmospheric parameters should exist in the lower main sequence. It is the 
specific aim of this thesis to determine the fundamental atmospheric para-
meters , effective temperature , surface gravity and metal to hydrogen ratio 
for M dwarfs of the three kinematic populations and thus to test and develop 
the theory outlined above . For this purpose line blanketed model atmos-
pheres have been calculated to evaluate and calibrate spectrophotometric 
indicators of these parameters . 
(b) Knoum Spectrophotometric Indicators 
For many of the stars of this program the highest resolution attain-
able is that of low dispersion spectra and narrow band or scanner photometry. 
Such observations permit the measurement of TiO band strengths , the tradi-
t'onal temperature indi cator for M-type dwarfs (Joy and Abt 1974). However , 
a dependence on metal abundance (discussed below) makes this indicator 
unsuitable in the present application . Measures of the continuum gradient 
in the near infrared (e . g . Wing 1973a) seem more appropriate . 
In addition , infrared photometry (combined with optical photometry) 
offers an absolute temperature calibration. Greens ein et at. (1970) and 
Veeder (1974) have fitted blackbodies to the overall energy distribution thus 
obtained . Realistic energy distributions from model atmospheres promise 
improvements from this technique . 
The CaH bands near 6900 R have been found to provide a most useful 
luminosity discriminant for late type dwarfs (McCarthy 1969) . First recog-
nised by Ohman (1936) , these bands have recently been used by Jones (1973) 
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to identify M dwarfs at the South Galactic Pole . The absence of CaH bands 
in giants and their strength in dwarfs implies that CaH should be a useful 
gravity indicator. For the coolest dwarfs the Wing-Ford band at 9910 ~ 
(Wing and Ford 1969) may be more suitable , as the CaH bands become TiO 
blanketed. However, the Wing-Ford band is still unidentified (Wing 1974). 
In the earlier discussion of Herbig ' s work mention was made of the 
possible association of hydrogen line emission with youth in M dwarfs. How-
ever , since this emission is produced in the stellar chromosphere, whose 
conditions are highly uncertain , no attempt was made to use it as a gravity 
indicator. Accordingly , dMe stars were not favored for inclusion in this 
program . Nonetheless , hydrogen line emission is an important phenomenon 
among M dwarfs which requires understanding . 
The most difficult problem in the present study is to find a reliabl e 
abundance indicator. Ultraviolet excess has proved a useful indicator for 
F , G and K stars , but does not seem suitable for M dwarfs. Ultraviolet 
colors are time consuming to measure, prone to systematic error and hard to 
interpret owing to uncertain molecular opacities. Moreover , it is evident 
from Eggen (1973) that for M dwarfs U- 8 scatters widely among the differe nt 
kinematic populations . 
Strong lines also offer an abundance indicator at the dispersion 
considered here. The resonance doublet of Na I and subordinate triplets of 
Mg I and Ca II can readily be measured at scanner resolution, although the 
Na D lines are contaminated by TiO and the Mg b lines by M<Jf and TiO . It 
is noteworthy that Spinrad (1973) has identified some M subdwarfs as metal 
rich from scanner photometry of strong lines . 
If band strength is proportional to the ratio of line to continuous 
opacity , however , the strength of the TiO bands should be a useful abundance 
indicator . Greenstein (1965) has detailed these considerations and examined 
the effects of TiO weakening on broadband colors. In theory at least , it 
5 
should be possible to determine metal abundance from the TiO band strength 
differentially with respect to a star of equal temperature and solar com-
position. Jones (1968), however, using the slope of the near infrared 
continuum as a temperature measure , has found high velocity dwarf s not to 
differ from those of low velocity in TiO band strength . Furthermore, stars 
at the tip of the giant branch in 47 Tue (and two variables in w Cen) show 
roughly normal TiO band strengths for their JHK colors in the study of Glass 
* and Feast (1973) (see also Wing 1973b) . 
It was decided to pursue the study of TiO band strengths and of the 
Ca II IR triplet as possible abundance indicators and of CaH as a gravity 
indicator . A simple test, which is worth relating, was first carried out 
on the theoretical efficacy of the molecular band indicators. Solution of 
the appropriate equation of state showed that the ratio of number densities 
n(TiO)/n(H) is amonotoni ca llyincreasing function of metal abundance in 
the temperature and pressure regime of late type dwarfs. Similarly , 
n (CaH) /n (H ) is a monotonically increasing function of gas pressure. It was 
noted that in dwarfs the sensitivity of the ratio for TiO is twice that in 
giants . These tests suggested that inclusion of these molecular opacities 
in model atmospheres for M dwarfs might be expected to prove fruitful. 
( c) Outline 
The development and calculation of model atmospheres for cool dwarf 
stars is described in Chapter 1 . The principal molecular opacities, H20 
and TiO, are included . In Chapter 2 a grid of models is presented. A 
simplified treatment of atomic line blanketing is introduced into these 
models together with CaH opacity. These models enable interpretation of 
observed CaH and TiO band strengths in Chapter 3. A physical separation of 
populations from infrared photometry is established in Chapter 4, and the 
* An interesting possible explanation offered by Glass and Feast is that 
TiO may be an important source of opacity in the spectral region where 
the bands are measured (c . f. Chapter 3) . 
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structure of the lower main sequence is discussed . Finally in Chapter 5 a 
high dispersion analysis is carried out of the bright M subdwarf , Kapteyn ' s 
star ; the strength of the Ca II IR triplet in M dwarfs is examined . 
The five chapters following have been written for publication in five 
separate papers* . They are presented here in the order they were written 
{except that Paper III was completed before Paper II) . This information 
will allow the reader to follow the development of ideas through the 
investigation . The equivalence of chapter and paper numbers will simplify 
internal reference. 
* The appendices to Chapters 4 and 5 are addenda to the material to be 
published. 
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CHAPTER 1 
A STUDY OF M D~'lARFS. 
I. PRELIMINARY ~1.0DEL ATMOSPHERES 
J. R. Mould 
SUMMARY 
A sequence of model atmospheres for early M dwarfs is presented. 
The models contain Opacity Distribution Functions for the most prominent 
molecular bands in M dwarfs, H2 0 and TiO. A mixing-lengt~ theory of con-
vection is included, and a test on one model shows no dependence of the 
emergent flux on the mixing-length to scale height ratio. The emergent 
fluxes are tabulated for comparison with observations. Fair agreement is 
evident, but the inclusion of atomic line blanketing seems necessary before 
a discrepancy in the optical continuum gradient can be remedied. 
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I. INTRODUCTION 
Progress made recently in the development of model atmospheres for 
late type stars has been reviewed by Johnson (1973). Late type dwarfs offer 
some advantages over giants in the vital task of comparing the results with 
observations. In the first place the slowly evolving dwarfs form a tempera-
ture sequence at almost constant gravity. Also, there is a large number of 
Kand M dwarfs close enough to us to be unreddened, whereas the circum-
stellar shells of many red giants and most supergiants (Neugebauer, Becklin 
and Hyland 1971) make comparison with continuum scans unreliable. Finally, 
dwarfs conform more closely to the LTE and plane parallel assumptions made 
by almost all calculations of late type atmospheres (Auman 1969). 
Better understanding of the opacity sources has regulated recent 
advances in modelling late type stars. Properly, the opacity due to a 
number of molecules and many atomic lines should be included. However in 
these models, the prominence of bands in real stars observed with scanner 
resolution has been used as the criterion for the inclusion of molecular 
opacity. Atomic line blanketing has been neglected. The most ambitious 
published models for M dwarfs have been those of Auman (1969), who introduced 
the opacity of H2 0, and Tsuji (1969), who included electronic bands of a 
number of diatomic molecules in a single radiative model of 3000 K effective 
temperature. A systematic approach to M dwarf atmospheres should now permit 
results of advances in the scanning of stellar spectra (see, for example 
Tull and Nather 1973) and in infrared photometry to be analysed in terms of 
temperatures, gravities and abundances. The purpose of this paper is to 
make a start in this direction by presenting a temperature sequence of early 
M dwarf atmospheres. 
11 
II. MOLECULAR OPACITIES 
It is well known that some form of mean opacity is required to allow 
flux integration and subsequent temperature correction in models. Carbon 
(1974) has shown by comparison with line-by-line calculation over a small 
frequency interval that extremely large flux errors result from the use of 
straight mean opacities. On the other hand, the opacity distribution func-
tion (ODF ) is demonstrated to be a close approximation, at least where a 
single opacity source is dominant. Consequently , in this study an ODF 
treatment of H20 and TiO has been employed in their separate relevant 
spectral regions , rather than a mean representation of many sources of 
opacity . The two other prominent sources , CN and CO , have a major blanket-
ing effect on M giants , but not M dwarfs . Johnson (1973) has shown that 
models at 4000 K, log g = 2 and 3000 K, log g = 1 are cooled by some 650 K 
at the boundary by the inclusion of CO opacity . This effect is certainly 
e xaggerated by the use of straight mean opacities . However , the number 
density ratios CN and CO to H , which govern the band strengths, are factors 
of 15 to 100 less at these temperatures and dwarf gravities. Empirical 
evidence for the weakness of CN and CO bands in M dwarfs may be seen in the 
results of Wing (1967) and Baldwin, Frogel and Persson (1973). Thus it 
seems unlikely that CN and CO either contribute to the blanketing or vitally 
affect the temperature distribution in M dwarf models. 
(a) Hi Opacity 
-1 -1 h ODFs for the H2 0 molecule between 850 cm and 12500 cm ave been 
kindly provided by Auman (1973). The BO-step ODFs have been degraded into 
a four picket representation, following the formulation of Carbon (1974). 
Suitable frequency intervals were selected to describe closely the important 
features of the emergent spectrum. The resulting tables were interpolated 
during the model calculation in temperature and line halfwidth, using 
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where a and a are the Lorentz and Doppler halfwidths. High pressures are L D 
not reached until deep in the convective zone of M dwarf atmospheres. There-
fore it is assumed that the breakdown of the rectangular line approximation 
in these ODFs will not be too serious a weakness. Following Tsuji (1969) , 
a value of 0 . 05 cm- 1 has been assumed for the Lorentz halfwidth a normal 
temperature and pressure for both H2 0 and TiO. 
(b) TiO Opacity 
The treatment of TiO opacity has been restri c ted to the triplet a , 
y and Y' systems. The singlet systems 8, o, and $ are relatively unimportant 
in early M stars. Evidence of this can be seen in the spectra of Rodgers 
and Eggen (1974) and the scans of Wing (1967) and Lockwood (1973). 
To obtain ODFs for the triplet systems of Ti O the procedure of Ts uji 
(1969) was followed. Full details of this procedure can be found in Tsuji's 
paper. The mean opacity over intervals ranging from 10 to 60 cm- 1 was com-
puted by Golden ' s (1967) smeared line method and then a 20-step ODF calc ul-
ated by superimposing Voigt profiles at a mean line separation given by 
Tsuji's equation (7). This is a reasonable approximation in small intervals 
where the line separation and intensity do not vary rapidly. These ODFs 
have been tabulated as functions of temperature and pressure for a micro-
turbulent velocity of 2 km/sec. 
Spectroscopic constants for these calculations have been taken from 
the recent summary of Phillips (1973). Franck-Condon factors for the a and 
Y systems are by Prasad (1962) and Fraser,Jarmain and Nicho lls (19 54) and 
agree fairly well with results obtained by Collins and Fay (1974) . The 
values of they system have been extended to the little studied Y' system , 
following Tsuji (1969). Greater uncertainty surrounds the absolute oscillator 
s~rengths for electronic band systems of TiO. Price, Sulzmann and Penner 
(1971) have determined wavelength-dependent oscillator strengths for the 
a and Y systems from shock-tube measurements. However, the ir results 
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suggest a wavelength variation of the electronic transition moment , R, 
e 
whe r eas Linton and Nicholls (197 0) have found this quantit y to be constant 
across the a band. Until these uncertainties are settled, it seems b st to 
adopt a wavelength independent value of the oscil lator stre ngth. Price 
e t a l ' s . ratio of the oscillator strengths for the a and y systems of (1:3) 
is in agreement with Tsuji's (196 9 ) (1: 3 :4) for (a: Y:Y 'l. The lat ter ratios 
have therefore b een e mployed, and the absolute va lues set b y a normalisa-
tion procedure described in §rv. 
A detailed line-by-line calculation f or the a , y and ~ systems of 
TiO has just been completed by Collins a nd Fay (1974). They prese nt their 
results as straight mean opacities per unit oscillator strength . As they 
have also remarke d, comparison of the smeared line model with these values 
shows fairly good agreeme nt near opacity maxima, but large differences near 
the minima. The present ODFs ar e the refore accurate while these minima 
r e main continuum points , and are to be p referred f or accurate flux calcula-
tion, until the new opa c ities become available as ODFs . 
III. CALCULATION OF THE MODELS 
A sequence of models was c alculated unde r the plane parallel and 
LTE assumptions in hydrostatic and convective equilibrium. Only minor mod-
ifications were required to the ATLAS code, which is desig n~d to support an 
ODF treatment of opacities (Kurucz 1970). The standard ATLAS continuous 
+ 
opacities (HI, H2 , H , CI , Al I, Si I and Mg I bound-free and free-free , 
H, He and H2 Rayleigh sca tte ring, He free-free and electron scattering) were 
supplemented by H2 free-free (Somervill e 1964; Carbon , Ginge r ich and Latham 
1969 ) and the pressure induce d dipole of molecular hydrogen (Linsky 1969). 
Wi t h these additions, Vardya 's (1970) list of important continuous opacity 
sources o f known c ross-section for late-type stars of solar composition is 
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fully represented. However, as Vardya has pointed out, cross-section data 
is unavailable for a number of negative ions. 
In particular, consideration was given to absorption by Cl The 
threshold wavelength of the bound-free continuum at 3430 ~ makes it un-
important in model atmospheres. The free-free continuum has recently been 
studied by John, Morgan and Davies (1974) who have kindly communicated new 
results prior to publication. Their absorption coefficients per neutral Cl 
atom per uni t electron pressure are approximately a factor of ten larger 
than those of Kandel (1966). However, in a model at 3000 K, log g = 4.75 
and solar abundances, the photospheric Cl opacity is less than 6 x 10- 9 
cm
2/gm at 0.911µ and less than 1 x 10- 7 at Sµ (compare Fig. 1). The 
inequality results from the assumption that Cl is only present in atomic 
form. Cl may be of importance in stars of still lower temperature in which 
the competition for electrons is keener. 
A carefully abbreviated list of species has been included in the 
+ 
equation of state. To determine the P(p,T) relation itself only H, H, He 
and H2 are required. Other species are required only where they are involved 
in opacity calculations. Hence Na, Mg, Al, Si, K, Ca, Fe and their ions are 
. . .+ included to obtain the electron density and C, O, OH, CO, SiO, Ti, Ti to 
determine H2 0 and TiO. In spite of the relatively high abundance of some 
more complex molecules (e.g. CO2) only those species which significantly 
affect the free number densities of the components of H20 and TiO need be 
retained. Equilibrium constants for these calculations have been taken from 
Tsuji (19 72). 
Auman (1969) has described the special problems of obtaining flux 
constant models for late type dwarfs. Experience with the ATLAS program has 
shown that the Avrett-Krook temperature correction modified for convection 
works adequately in red giants but not dwarfs. This latter procedure was 
FIG. 1. - Opacity detail for the 3500 K model at T = 1. The values shown for H2 0 and TiO 
are those of the strongest of the four pickets. 
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replaced by a method which equates a new convective flux to the existing 
flux error and solves Mihalas ' (1970) equations (6-281) , (6-287) and (6-295) 
to obtain 9 (d ln T/d ln P) , the new temperature gradient. This i s integrated 
to obtain a temperature correction. Th e method is similar to that used by 
Auman (1969) for his red giant models. The retention of the La'Tlbda iteration 
and surface flux correction procedures in ATLAS allows this method to be 
extended to M dwarfs. Even so, problems with overcorrection and consequent 
oscillation were encountered. However, these could be controlled by scaling 
down the correction judiciously. 
The models were driven to better than 1% flux constancy above the 
photosphere. A maximum of 5% was tolerated in the deepest layers, where the 
correction procedure was slowest to converge. This state could be reached 
from smoothed and scaled starting models in six to ten 90 second iterations 
on a Univac 1108 computer. Fifty-two frequency points and 60 pressure points 
(10- 4 < T < 30) were used. At this stage two further iterations were given 
with 108 frequency points to delineate the emergent spect rum clearly. 
IV . DISCUSSION OF RESULTS 
From fundamental definitions and the mass-luminosity r elation of 
Eggen (1974) the relation 
[g ] = 4 [Te] + 0.284 (~01 - 4.73) 
can be written, where the square brackets represent logarithms of the rel evant 
quantities in solar units. Substitution of Johnson's (1965) calibration for 
classes MO to M4 yields a log g of 4.75 with no discernible trend over the 
range. To represent the early M dwarf sequence, four models from 4000 K to 
3250 Kin steps of 250 Kare calculated with log g = 4. 75 , 0.9 and 0 . 1 Hand 
He by number , and the Lambert-Warner solar abundances (see Kurucz 1969). 
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I n §II the uncertainty surrounding the absolute oscillator strengt h s 
of the a, y and y• systems of TiO was discussed and relative values adopte d 
between t he systems. At this stage an absolute value is set by identifying 
one of the models with the star YY Gem. The effective temperature of this 
eclipsing binary follows directly from the careful study of its light curve 
by Kron (1952). The mean component of this system provides the only effective 
temperature for an M dwarf which is independent of some model (or blackbody) 
fi t t i ng pro cedure. Johnson (1966) has given the value 3720 K, which allows 
direct comparison with the 3750 K model of the present sequence. Values o f 
f for the a , Y and Y' systems of 0.015, 0.045 and 0.06 are determine d by 
e 
matching t he (0,0) bands of they and y• systems with a photoelectric scan of 
YY Gem kind l y provided by Jones (1973). These values are approximately a 
factor of two less than the laboratory data for the a and y systems of Price 
et al . (19 71), and are used in all the current models. 
The structure of the atmosphere in the four models is shown in Fig. 
2. Convection reduces the temperature gradient severely between the 4000 K 
and 3500 K models . The 350C Kand 3250 K models are more alike in structure. 
A mild temp erature inversion is evident in the 4000 Kand 3750 K models. 
This seems to be due to the greater persistence of TiO in the outer laye r s of 
the a tmosphere, compared with H20 . In the outer regions of the two coole r 
models the ratio of TiO and H20 converges to a limit independent of pressure 
and tempera ture. But over the range of the inversion in the 4000 K model 
thi s ratio increases by a factor of five, enough to change the dominant opac-
ity source f r om H20 to TiO in the outermost layers. According to the 
t h e oreti cal model of Dumont and Heidmann (1973 ) such a change with depth in 
t h e f r e quenc y d e pendence of the opacity will cause an inversion of -50 K, 
which is o f the same orde r as t he present result . 
Two additional models were run to test the effect of the addition 
o f blanketing by Ti O and the s e nsit i v i ty of the models t o the choice of 
FIG. 2. - The temperature-pressure relation for the four models 
models between 4000 Kand 3250 K effective temperature. 
FIG . 4. - The emergent fluxes are compared with broadband infra-
red photonetry normalised at I. The symbols represent the Johnson 
(1965) mean colors for spectral types MO to M3, converted to fluxes 
using the calibration of Becklin (1968). The half-power bandpasses 
and effective wavelengths of the J,K,L filters are shown. Solid 
curve, 4000 K model; dot-dash curve, 3750 K; short-dash curve, 
3500 K; long-dash curve, 3250 K. 
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FIG. 3. - Emergent fluxes (F) on a magnitude scale with arbitrary zero for the four models between 
\) 
4000 Kand 3250 K effective temperature. The dashed curves are the fluxes from the black-
body radiators of equal total flux. 
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convective mix ing length. The theory of Unno (1962) suggests that inclusion 
of blanketing to the red of the Planck maximum will require cooler surface 
layers for equilibrium than the unblankete d model. This has been confirmed 
by Auman (1969) with H20 and Johnson (1973) with CO . Unno ' s theory also 
predicts hotter surface layers when blank e ting is added to the blue of the 
Planck maximum. Comparison of models at 3500 K with and without TiO opacity 
accords with this prediction. The surface layers of the 3500 K model with 
TiO included are 150 K warmer than the model without Ti O. Another 3500 K 
model was constructed with the ratio of mixing length to pressure scal e height 
changed from one to two. A further decline in the temperature gradient (50 K 
between 1 = 1 and 1 = 30) was noted, but no significant change in the emergent 
flux was detected. Carbon and Gingerich (1969) obtained a similar r e sult for 
a solar model. That observable quantities are independent of this free 
parameter is a gratifying result in these more highly convective atmospheres . 
The emergent fluxes of the models from 4000 K to 3250 Kare shown 
in Fig. 3 and Table 1. The most striking feature is the rapid increase of the 
TiO and H20 bands with decreasing tempera t ure. The models shown are not 
affected by the unrealistically low minima in the TiO opacity, describe d in 
§rr. The continuum points on either side of the y(O, O) band remain c on tinuum 
points to 1% accuracy, if the straight mean opacity minima of Collin s a nd Fay 
(1974) are substituted for the present low values. A 3000 K model, however, 
was abandoned, when it became clear that this condition was no longer satisfied. 
Detailed comparison with observations will be made in a future 
paper . A few preliminary remarks are not out of place here, however. The 
infrared fluxes of the models shown in Fig. 4 conform approximately to John s on's 
(1965) lumped spectral classes MO to M3 . The junction of the absolute cali-
bration of infrared and optical photometry is critical here, and a careful 
observational check is needed before interpretation of the fluxes can be 
carried further. However, a discrepancy is evident in the optical continuum 
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gradient. Scans by Spinrad and Taylor (1971) of MO to M3 dwarf s , r educed in 
accordance with the absolute calibration of Oke and Schild (1970 ), are better 
fitted by models some 400 K cooler than the above temperature scale implies. 
This discrepancy is greate r at shorter and less at l onge r waveleng hs . It i s 
suggested that this results from t he omission in the models of atomic li ne 
blanketing. The little data that exists on this s ub j e ct for such coo l stars 
(Morgan and Collins 1973; Allen 1968) shows the a ppropriate increasing density 
of lines at shorter wavelengths. 
The strength of the TiO bands potentially offers a third interface 
of the models with observations, but this has been pre-empted b y th e normal-
isation described above. However, according to the au thor's unpublishe d scans 
of they system, this agreement enforced at one point is preserved over the 
range MO to M3. 
V. CONCLUSIONS 
The test, and indeed the purpose , of model atmosphere computations 
is comparison with observations. It is clear from even the above preliminary 
remarks that some improvement is required to the models before overall quant-
itative agreement is reached. In particular there is a discrepancy in the 
continuum gradient, indicating th e nee d for a fuller treatment of blanketing . 
With this improvement an accurate determination of the temperature scale and 
bolometric corrections for early M dwarfs may be made, and gravity and 
abundance indicators tested. ODFs for the TiO mol ecule current ly being ca l cu l-
ated by Collins (1974) with the correc t line-by-li ne treatment should permit 
extension of these mod e ls to cooler stars. Such models will facilitate the 
study o f red stars on and below the main sequence . 
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C H A P T E R 2 
A STUDY OF M DWARFS. 
II. A GRID OF MODEL ATMOSPHERES 
J. R. Mould 
SUM..MARY 
A simple ODF treatment of line blanketing by atoms and mol ecules is 
described based on data from statistical spectroscopy and the smeared line 
model for diatomic molecules. The low resolution o f the data on a tomic lines 
and difficulties with strong lines are problems in this treatment; neverthe-
less, reasonable agreement between models and obse rvations is app arent in the 
red and infrared regions of M dwarfs. This blanketing trea t ment is clearly 
useful in models of an exploratory nature , but cannot compete with spectrum 
synthesis from a detailed line list f or the precision which is ul timate l y 
desirable. 
The emergent fluxes of a grid o f models are dominated by oxide bands 
(TiO and H20) which contain abundance information available e ven at low 
spectral resolution. Recent work suggests that oxygen may not exhibit the 
same deficiency as the metals in the halo. The strength of the oxide bands 
in M subdwarfs offers further evidence on this question. 
The relative flux calibration of red and infrared colors is examined, 
and a calibration adopted which is probably accurate to within a f ew percent . 
The need for relative absolute measurements of infrared fluxes is e mphasised, 
in order to remove unwanted assumptions in this calibration. Broadband 
colors are calculated from the models, using the calibration. R-I and J-H 
are quite markedly abundance dependent in M dwarfs. The turnover in J-H on 
the main sequence near 4000 K effective temperature is shown to be a result 
of modification of the atmospheric structure by convection, suppo rte d in 
cooler models by H2 0 blanketing. 
• 
28 
I. INTRODUCTION 
The present series of papers is concerned with the range of atmos-
pheric parameters found among stars of the three kinematic populatio ns which 
make up the lower main sequence (Eggen 1973). Paper I (Mould 1975) described 
a sequence of model atmospheres for early M dwarfs o f solar composition. 
Now we present a grid of somewhat refined models, varying the surfac e grav-
ity and composition. In §II the treatment of the crucial line opacities is 
discussed; in §III results of the calculations are presented. In §IV these 
data are used to discuss the dependence of observable quantities on tempera-
ture, gravity and composition. The models provide the basis of the remain-
ing papers on band strengths (Mould 1976a, Paper III), broadband colors 
(Mould and Hyland 1976, Paper IV) and atomic lines (Mould 197 6b, Paper V). 
The detailed tabulation of the models' atmospheric structure and their emerg-
ent energy distributions will also permit comparison with scanner and broad-
band photometry published by a number o f authors. 
II. LINF. OPACITIES 
(a) At omic Line Bla nketing 
The key to the accurate representation of blanketing in stellar 
atmospheres is a detailed and accurate list of line wavelengths and inten-
sities. Bell (1973) has used the fl ux- f1•action method to obtain flux const-
ant model atmospheres with his line list. The 1 ~ wavelength mesh employed 
in this method may involve some redundancy compared with a monte- ar lo 
method described by Peytremann (1974). Kurucz (1974) has calculated a 
theoretical solar model, using opacity di s t ribu tion fun tion (ODFs) compiled 
from a list of 1.76 x 10 6 atomic lines. This model shows closer agreement 
with observations than was previously possible. Extensive pretabulation of 
these ODFs is required over a grid of frequency, temperature and pressure; 
once this is done the ODF method is fast and efficient. Each of the above -
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mentioned authors has drawn attention to the incompleteness of his current 
line list. Nonetheless, other workers in this field will be assisted by the 
recent publication of such a line list, albeit incomplete, by Kuru c z and 
Peytremann (1975). Unfortunately, this line list was unavailable at the 
time the present models were calculated. 
Use of the available secondary sources of data on atomic lines may 
not be too severe a restriction on the current models, however. Paper I 
indicated that the chief blanketing agents in M dwarfs are the molecules H20 
and TiO. The UV region, where atomic lines are concentrated, carries little 
flux in M stars. Paper I also suggested however, that some steepening of the 
optical continuum gradient might be expected from the inclusion o f atomic 
line blanketing. Accordingly, atomic line data from s tatistical spectroscopy 
(Allen 1968) has been incorporated in ODFs in the highly simplified form 
described below. 
Allen has calculated the density of atomi c lines as a functi o n of 
their intensity for a number of temperatures and electron pressures . Extra-
polation from Allen's minimum temperature of 4000 K to 3000 K involves 
reasonably small changes in the line densities, and interpolation within the 
grid is readily carried out. For this r e ason Allen's data is preferre d to 
that of Mutschlecner and Keller (1972) (M.K2) derived semi-empirically from 
the solar spectrum (and recently extended to Arcturus by Morgan and Co llin s 
(1973)). 
A useful working definition describes an ODF as a functi on relating 
the line opacity to the fraction of a given spectral interval with that 
opacity. We may write the intensity of a spectral line 
-J (M/ H) S 10 N /p 
a 
cm/gm ( 1) 
where lw is the monochromatic line opaci ty, M/ H is the metal to hydrogen 
ratio relative to solar composition, sis the stimulated emission factor, 
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J is the logarithmic line intensity (Allen 1968, eq . 2.6), N is the total 
a 
number density of atoms and Pis the mass density at a point in the atmos-
phere. To form a crude ODF from the tabulated line statistics (ra he r than 
a still cruder straight mean opacity) we cons ider the lines to have Doppler 
halfwidth W cm- 1 , to be square in shape and not to overlap. The fraction of 
a given spectral interval covered by su c h lines is thus 
FJ = 2W NJ ( 2) 
where NJ is Allen's number of lines per cm- 1 per decade of intensity. Wh e n 
the spectral interval is filled with non-overlapping lines, the remaining 
lines are combined as a straight mean opacity into a smeared continuum of 
weak lines. This very simple model results in the schematic ODF o f Figure 1. 
Allowing J to become a continuo us variable, and constru cting three 
pickets of equal weight we obtain 
K c m2 /gm (3) 
for the mean opacity of a fraction 
F = l~J 2W NJ dJ ( 4) 
of the interval. This ODF is straightforward to calculate and doe s not 
require pretabulation. Experience with the triple picket formulation, how-
ever, has shown that the first picket tends to be dominated by a v ery few 
strong lines, which would be saturated if they were isolated in appropriately 
narrow pickets, but are treated as weaker lines in the wide composite pickets 
adopted. Accordingly, a limit has been placed on line inte nsity such that 
(5) 
• 3 
This is equivalent to adopting a curve of growth for line blanketing which 
flattens at log WA/A = -4.7 (100 ~ at 5000 ~), using the (WA/A,J) relation 
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of Allen (1973) and introducing a continuous opacity dependence (K) to allow 
C 
departure from solar conditions. MK2 found over 20% of the solar blanketing 
to be attributable to lines with WA< 20 ~ and omitted lines with WA> 180 
~- The limit described above is a somewhat closer appro~imation to curve 
of growth effects, but may insufficiently provide for blocking by damping 
lines. 
To allow comparison with more sophisticated models of atomic line 
blanketing, ·a test has been carried out on a solar model. Linear interpola-
tion of the line densities was used in the coarse wavelength grid of Allen's 
tables (30, 20, 10 and 1 x 10 3 cm- 1 ). An additional point at 7500 ~ was 
inserted into the grid with a line density equal to that at 1~ to force the 
interpolated curve to agree better with Figure 1 of Mutschlecner and Keller 
(1970) (MKl). A correction of -0.5 dex was added to the line densities at 
the longer wavelengths in accordance with Allen's (1970) comparison of his 
line statis~ics with the solar spectrum (rather than Allen's (1974) compari-
son with the Fe I spectrum). No correction was made in the UV (30 x 10 3 cm- 1 ). 
These corrections bring the line statistics into reasonable agreement with 
the line counts of MKl. The well-known sensitivity of line blanketing to 
microturbulence was reproduced in subsequent models, and for the solar case 
the Doppler velocity, W, was composed of 1.2 km/s microturbulence and the 
thermal velocity of an atom with atomic weight 50. A flux constant solar 
model was then calculated with T = 5780 K, log g = 4.4 and unit mixing length. 
e 
The resultant surface temperature distribution lies between those 
of MK2 and Kurucz (1974). At log T = -2.5 a temperature of 4680 K was 
obtained (cf. 4841 K, 4586 K respectively in the two references above). 
However, comparison of the observed and modelled emergent intensities in 
Figure 2, shows the drawback to secondary sources of atomic line data, the 
loss of spectral resolution in the compilation of a statistically useful 
sample of lines. There is a close correspondence between the present results 
FIG. 1. - Schematic diagram for an ODF constructed as 
described in the text. Each picket of width FJ corresponds 
to a decade of line intensity, IJ. The opacity scale is 
logarithmic. The shaded area is the continuum of weak over-
lapping lines. 
> t-
u 
f 
0 
0 
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FRACTION OF INTERVAL 1 
I I 
FIG. 2. - The solar central intensity distribution, together with some theoretical solar models. 
The empirical data is from Allen (1973): the blanketed model constructed here may be compared with 
that of MK 2; an unblanketed model is also shown. The bandheads of the G band and B-X (0,0) band 
of CN are marked together with the position of the Kline. Tnese features are not included in the 
blanketing treatment. 
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and those of M.1<2, and a marked improvement on the unblanketed results, but 
comparison of Figure 2 with that of Kurucz (1974) shows the superiority of 
the detailed treatment using primary ato mic line data. While much of the 
missing blue to UV absorption and corresponding longer wavelength backwarm-
ing would be provided by explicit treatment of CH, CN and the Hand Klines , 
it is clear that the clumping of atomic lines is an important feature of 
strongly blanketed regions at this typical scanner resolution. 
The results of this section may be summarised as follows. With a 
number of crude assumptions about line shape and distribution, ODFs can be 
constructed from published tables of statistical spectra in a very straight-
forward way. This treatment of atomic lines may be expected to yi e ld a 
reasonable approximation to a blanketed temperature distribution and a fir s t 
approximation to the emergent flux where detailed atomic line data is not 
available. (One such example is the far ultraviolet spectra of early type 
stars: this region is fully covered in Allen ' s (1968) tables.) The approx-
imations and statistical natu e of the present treatment, however, mak e it 
unable to compete with calculations based on a detailed and accurate list of 
line wavelengths and intensities. 
(b) Blanketing by Mo lecular Bands 
Molecular bands are readily a c commodated in the ODF formulation for 
line blanketing which has just been described. If the lines of a molecular 
band are considered to be locally equidistant (mean spacing d), of e qual 
intensity and square (the last assumption being the only addition t o the 
assumptions of Paper I), the molecular opacity may be included as an extra 
picket with height, 
K = K d/2W (6) 
and weight, F 2W/d (7) 
Paper I has given references for the calculation of these quantities based 
on the smeared line model of Golden (1967 ). 
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The results of such a calculation of K, the straight mean opacity, 
for the a,y' and Y triplet systems of TiO are shown in Figure 3. The 
smeared line opacities may be compared with the line-by-line calculation for 
the a and y system of Collins (1974) (all at unit electronic oscillator 
strength). Good agreement is evident, considering the 100 cm- 1 resolution 
of the li~e-by-line opacities, except at the opacity minima. Paper I 
suggested that these opacity minima lie below the level of the continuum 
opacity for T ~ 3250 K. However, this estimate was made without taking 
e 
account of the probability that the Y' system, not included in Collins' cal-
culations, would also show discrepant opacity minima. In the current models 
Collins' opacity minima have been preferred to those of the smeared line 
model, and, to allow for the Y' system, the value at 14400 cm- 1 has been 
doubled a..,d applied between the 6v = 0 and 6v = :1 bands, as shown in Figure 
3. A line-by-line calculation of the opacity of they' system is needed to 
replace t~is rather arbitrary assumption; however, reasonable agreement with 
the observations of Paper III is obtained by this means. 
The A2 TI - x 2 E system of CaH is an additional opacity in the current 
models and is included to study its sensitivity to gravity. Some modifica-
tions have been introduced to the smeared line model to provide a realistic 
treatment of this system. 
Since the A-doubling of the 2 IT state is of the same order as the 
spin splitting, the c and d components of each of the 2 IT3 and 2 TI states 
T ~ 
have been treated as separate states, by assigning respective values of B 
e 
of 4.40 a.,d 4.45 in order to fit the term values of Herzberg's (1950) Figure 
112 for high K values. other spectroscopic constants are from Rosen (1970). 
In addition, as the Q branches of 2 TI - 2 E systems are most intense, the band-
heads whi~h are formed only on the P branches in the smeared line model 
have been replaced by bandheads at the band origins. The main effect of 
these modifications is to locate correctly the strong Q bandheads (AA 6946, 
6908) in this system at the expense of neglecting the weaker P bandheads 
(AA 7026, 7006). 
FIG. 3. - The opacity of the a, y and y• systems of TiO per unit oscillator strength calculated by 
The line-by-line treatment of the a and y systems by Collins (1974) is shown 
the smeared line model. 
as a histogram. Discrepancies in the opacity minima are judged to be an inadequacy of the smeared 
line model. 
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For CaH Franck-Condon factors have been taken from Ortenberg (1960 ) 
and extrapolated down the main diagonal. Off diagonal elements have been 
neglected. 
Pape r I. 
An f value of 0.06 was obtained by the empiri c al method s of 
e 
ODFs for hot water vapor in th is paper and Paper I are due to Auman 
(1973). Below 7600 cm- 1 , where H20 abs o rption i s important , th e effect o f 
atomic line blanketing is negligible and has been omitted. At shorter wave -
lengths a straight mean opacity for H20 has bee n added to the line blanketing 
ODFs, but its effect is slight, even on a 3000 K model . 
III. RESULTS 
Apart from the new treatment of line opacities the models are cal-
culated in the manner of Paper I. The equation of state and temperature 
correction procedure of Paper I are un changed, and no new continuous opacit-
ies have been added. Consideration wa s given to the fr ee-free opacity of a 
number of negative ions whose cross-sections (per unit parent atom or mole-
cule, per unit electron pressure) have been calculated by John (1 9 75). In 
particular the cross section of H20 is eight times higher than that of H2 
in the infrared. However, the abundance o f the parent molecule (H 20) is 2500 
times lower than that of H2 in a 3000 K model o f solar composition. For 
similar reasons the contribution of all these ions may be negl ec t ed in the 
present temperature regime. 
To explore the effects of variation in gravity and metal abundance 
on the observable features of M dwarfs, sequences of models between 4250 K 
and 3000 Kin steps of 250 K were calculated at l og g = 4.75 and 5 . 75 and 
[M/H] = 0,-0.7,-1.0 and -2.0. The convective mixing length parameter wa s 
set at one and microturbulent velocity at 2 km/s. The detail s of t hese 
models are given in Table 1 with titles that are mos tly self-explanatory. 
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The old disk (OD) models have solar composition, and some of the metal defic-
ient models have a high 0/C ratio. The o xygen (rather than carb on) abundance 
has b een varied in these latter model s . 
In Table 1 the temperature and pressure s tructure of the mod e ls i s 
given (c.g.s. units) as a function of the logarithm of the Rosseland mean 
optical depth (TAU). Sufficient data is presented to enable cal cu lation of 
line profiles with programs such as that of Basc hek et al. (196 6 ), if the 
standard ATLAS program (Kurucz 1970) is u sed to ca lcula te the continuous 
opacity, KV. 
upon request. 
Alternatively, a tabulation of K i s available from the author 
\) 
Attention is drawn to the importance of molecule f o rmation in 
the equation of state for some atomic species (e.g. Ti I; see Tsu ji 1972). 
The surface temperature inversions found in some models in Paper I 
are reduced by the inclusion of atomi c line blanke t ing. Nonethel ess , as 
the A-iteration procedure is eventually unstable again s t such invers ions, 
and as line formation occurs at much gre ater depth s , a method was sought for 
suppressing them. In the mode l s used for a discuss ion of band stre ngths 
(Paper III) the A-iteration was dropped for this purpose; however, this is 
not satisfactory, as temperatures in these models r emained i mperfect ly 
corrected into the line forming layers. In this paper a temperature plateau 
has been introduced to replace surface t e mperature inversions in the hotte r 
models. The differences in band strengths relative to thos e of Paper III 
are small (< 2%), although larger differences occ ur in the gradient 
m(6540) - m(7500). Finally, if for no other reason, the surface temperatures 
of these models must be considered doubtful due to poss ibl e chromospheric 
heating. The chromospheric temperature rise beg i ns at T = 10- 4 in the sun 
(Gingerich et al . 1971) and may well start at greate r depths in M dwarfs. 
Active chromospheres are evident in the UV bursts of flar e stars and the 
hydrogen and Kline emission of the d.Me dwarfs. 
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TABLE 1 
STRUCTURE OF THE MODELS AND EMERGENT FLUXES 
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TE:FF J7 5i'I. GRAVITY 4.750 LTE OLD n I 51( 
TAU TEMP PQESSl tR E ELECTRON!\ f.MERGE~T FL. U lC 
.. 3, 0 307i'I 1,054•.,4 6,182•10 ~ 1,472•07 25 3,.,79•Ql6 49 9,257.07 •2,8 3070 • 353+04 7,2J8•10 2,533•07 2 !5 3,273•0!5 50 9.e1111-i'l1 
•2, 8 307~ 
~.782•~4 8 0 1151'1+10 J 4.21'11•07 'n 3.35?•06 
~1 9.940•07 •2,4 3070 ,J9b+04 1,,14+11 4 6.04A·01 28 3.~17-06 1,1688-00 
'"2, 2 3071 3, 12~•1'14 1.8 1•11 5 7.3J •07 29 2, 12•015 53 .e23.01 
•2,0 Ji"'A 4,04 •lcl4 2.441•11 6 8.60!6•07 J0 2,849•"15 54 7,367•1cl7 
-1,8 3P 5.3~0+04 J,JF•11 1 1.010-06 H 2.157•06 55 7,280•07 •I, 8 J 34 6,9 b•lcl4 4.15 5•11 8 I. l 46•015 2.lPl4•08 56 8,552-07 
•1,4 3314 9.243•04 (\.1511"•11 9 1 • 244•Pl6 3J 2.686•015 57 9,A31.01 
• t • 2 J41'1e, l,222•1cl5 9.J92•11 10 1.JA2•06 34 2.742•015 58 8, J3•07 ... 0 3494 l .61B•k'l5 l,J44•1 I I 1.3 8•06 35 2.111-~e 59 8,087-07 
•,8 J594 2.p1•05 t.9J4•12 I 2 1.479-015 Jb 2,641•08 I\"' 7.526•07 
-,6 J71'12 2. 79+i'15 2,788•12 ! 3 1.6Pl8•06 37 2,51 •015 ii 6,620-07 -.4 J816 3.586+1cl5 4,021'1•12 1 4 l,5!59e015 38 2.2e2-08 5.89~·07 
•,2 3937 4,500•05 5 0 795•12 I 5 1,666•015 3g 2,039•015 15 3 6,09 •07 
•• eJ 4 015 4 5.580+05 e.1s!•1~ 16 1,9A9•1i'6 40 l,C>71•0!5 15 4 6.353•07 
,2 4 !9" 6.1:!14+0'5 1.20 •1 I 7 2.215•015 a 1,554•015 155 ,.458-07 • 4 4 39 8.218•05 l,7Jl•IJ I ti 2,283•06 1,41t015 66 7.240•07 
,e 4492 S1.816•P15 2.501+13 19 2.320•015 43 1,3!5 •0!5 87 1.01g .. 07 
,8 46!'ij l • !'s6+0e J.1539•13 20 2.345•06 44 1,3154 .. 015 15 8 6 • 623•i'17 l, 0 485 • 79+015 5,3415•13 21 2.354•06 45 .412•015 159 5.9}7•07 I, 2 5087 1.629•06 7,928+13 22 2.468•06 46 1,J8l•eil5 70 5.7 4•07 
I • 4 536b 1,930•015 1.11115+\4 23 2,493•015 47 t.J30•06 7 l 5.8~7-07 
I• 15 ~7 Pit> 2.2Q7+Pl6 t.791:it+\4 24 2.7Q7•015 48 l • ldll6•06 72 6.111•07 
41 
TfFF J~r.,PI • GIHVITY 4 0 7!51:l LTE OLn n I SK 
TAU TEMP PQE.SSIJRE ELECTQQN~ E"'EQGFNT FL lJ lC 
•3."' 2659 !.211+e,4 ~.87;•1" 1 1.395 .. 01 2~ 2.J85•0l6 49 5.495-07 •2,8 27 ~"' ,68 +04 ,J6 +10 2.29A'"01 26 2.6t1•06 5~ 5,1Q0-i1!7 
.. 2. 15 27 ~ .216+04 7,585+10 3 J,6J •07 21 2,66 •06 51 j,868-07 
•2,4 282<;1 2,8 2+"4 1,0l6el+t1 4 5,085- 0 7 28 2,42<;1 .. 06 52 7 • 415111• 0 7 
•2,2 2889 J,73J+04 1,472+11 5 6,231•0 7 29 2,23 111 ·"6 5J 5,549•07 
•2, Ill 29!51 4,826+04 2,0IJ9+tl 6 7,J"'t"' 30 2,216•11!6 54 4,5t2-07 
.. l. 8 30!4 6,24!+04 2,A2!5+11 7 8,71 •07 H 2,140•06 55 4,345-r.,7 • I 15 J0 l 8 0 0A +04 3,919+11 8 9,857-r.,7 2,1Pl2•1'!6 56 !5,4Pl2•07 
• 1 , 4 3 rs 1 1,049+1-'5 5,4:>2+11 9 1.039•06 3J 2,~Pl2•M 57 6,Pl34•07 
• l, 2 3 24 l,J64+05 7,6r.,5+1l 10 1 I 058•11!6 34 2, 62• 06 58 5,670•07 
• 1 • "' 3.31'12 1,776+0!5 1,1'164+12 t 1 l, 086•06 35 2,264•06 59 5,326•07 
... 8 3JAtj 2,Jl4•0!5 l,492+12 I 2 1,13!5•06 3 t, 2,lQ6• 1'1 1'i 6"' 4,932-07 
•,6 3'475 3,018+05 2,t02+12 I 3 1,214•06 37 2 . 74•Pl!5 6\ J,854•01 
•,4 3571'.1 J,930+05 2,Qt,8+12 I 4 1,~6J•06 38 l, 859•06 62 3, 0 "19•07 
•,2 367! 5,087+05 4,188+!2 t !5 1, 57-06 Jg 1, 630•Pl6 153 J,2151-07 
• , 0 317 6,527+05 5,891'1+12 lb 1,581·06 40 1.29!5•06 64 J,J'l0e07 
,2 3882 8.2-.8+05 8,,44•t2 t 7 1,86 •06 a l,~85•06 65 4,715-1:'!7 •• 3991 1,040+06 l,148+tJ 18 l ,919•1i16 i, 09•06 6ti 4,6\2• 0 7 ,15 4 ~ I'! l ,294+06 i,~89+1J t9 1,913•06 .. J ,590• 0 7 67 4,447-07 
,8 4 14 1,595+06 ,t96+tJ 20 1,834•06 44 9,759•1'!7 l'i8 4, ~,1-07 
l • (IJ 4331 l.95J+06 3,l'IJPl+IJ 21 1,7!54•06 4!5 1, d6J•01'i t'\9 J,J51•07 l • 2 4453 2.378+06 4,)82+13 22 1,809-06 46 ~,037•1'10 7~ J,22i-01  4 45!!J 2,884+06 5, 111'1+1.3 23 ~,7!52•06 47 ,864• 1-1 7 , 1 J,2Q •07 
1,6 4721 J,486•06 A,0!211+\J 24 , ;J59-r.,6 48 6, 9 33.e,7 72 3, d'; 4e 0 7 
THF 325P1 0 GIUVITY 4,75111 LTE OLO OISK 
uu TEMP PRE S5l1RE ELECTRCINS f"'fRGf~T FLUX 
•3. 0 2397 !·'l"+04 2,lillJ5+10 1 1,297 .. "7 25 1·8"'1•1116 49 3,215 .. 07 
•2,8 2478 .3 !h04 3,353+11'1 2 ,054 .. 07 26 ,022•06 !50 3,351•07 
•2. 15 25~2 3,137+04 5,20111+10 3 J,1151•07 27 2,052-~6 51 J,049-07 
•2, 4 262~ 4,p8+04 7,748+10 4 4,340•07 28 1,828•06 52 4,66i·07 
•2,2 268 5, 54+04 1,A27•11 5 5,330•07 29 1,640 .. "6 5J 3,4111 .w,7 
•2,1'1 2752 6,!i1~7+04 I, 14•11 6 6,205•07 30 1,64b•lll6 54 2,659-07 
• I , 8 2sr 8,8 8+04 2,2 7•11 7 7,471•07 J 1 1, 583•1111'1 55 2,5111!•07 
• l. 15 28 J 1,142•05 3,218•11 8 8,380•07 32 I, 55J•1Hi 5b J,28 •1117 
'"I, 4 295111 l,4154+05 4,509+11 9 8,663•07 33 11 569•1!!15 57 J,7Pl4•07 
·1,2 3019 i,87ti+05 6,299•11 10 8.643•01 34 1,81 0•06 58 J,J9b•07 ... 11'1 30 9 ,40!1+05 8,783•11 1 1 8, 656-1/17 35 1.~Jl•P16 59 3,158•01 
•,8 3!63 3,07t>•05 1,j24+12 12 tl.904•07 36 I, 7159•06 6111 2,8Q5-07 
.. • 6 3 4" 3,941•05 I, 06+ 12 13 9,376•1'17 37 1,637•06 61 2,120•07 
•,4 33i9 5,0•6•05 2,375+12 1 4 8 194! .. 07 38 1,457•015 62 1,5P13•07 
•,2 34 J 6,4150+05 3,311!3+12 1 5 9,77 •07 ~9 i,246•06 6J ,622-07 
... QI 3490 s,2,,•05 4,594+12 1 6 1,267•06 40 ,559•07 64 1,418•'117 
,2 358ii, l ,05 +01'i 6,366+12 17 1,534•"'6 a 8,5!1J•lill7 65 ,7!51il•07 • 4 3673 l,346+1Hi 8,77J+t2 18 1,569•015 6,612-07 156 2,638•07 
,6 3767 !·707+015 t,20A•13 1 9 1,!53!5•06 .13 6,243•07 ~7 2,526•07 
,8 J862 ,,53+05 ,tlJ •13 20 1,420•06 44 6,J98•07 68 2,217•07 
l, 0 3959 2 I 11'1)+06 2,216+!3 B 1,J19•0b .15 7 1 j80•1117 69 l.634•07 l • 2 4058 3,378.06 2,994+13 I ,333•0tl 46 7,362•~7 70 1.523•07 ,4 4p9 4,203+06 4,Pl38+13 2J 1, 264•1'16 47 6,t199•07 H 1,571•07 1, 15 4 6J 5,21i!6+ei6 5,431+\3 :,4 1,517•06 .18 4,li!:;>7•1'11 ,\91• 0 ' 
THF 30l~A I CiRAVITY 4,75" LTE r:lL D DISK 
TAU TEMP PRESSl'RE ELECTRONS EMERGf"IT FL ll lC 
•3,0 211190 2,384+04 8,421'1+1119 } 1,A9!.0' 25 1,3155·"6 49 1,831•07 •2,8 2!42 3,408+04 1,319•10 1, ) •07 26 1,570•06 50 1,861•07 
•2,15 2 Pit> 4,789+04 2,!1"'+10 J 2. 6 9.n 27 1,583•0!5 51 1,281.01 
•2,4 2288 6,6u•04 3, t4•10 4 3,611'17•07 28 1,J64 .. 06 52 ,6 0 2•Pl7 
•2,2 240t, 8,8 +'114 6,2 8+10 5 4,475•07 29 1,171•015 53 1,99Je07 
.. 2, Pl 2487 1,f57•05 9,767+1 0 6 5,!78•07 30 1,111-06 !54 1,438• 0 7 
·1,8 2511 1, 11'13+05 
~·'i8•11 7 6 I 6J•07 H 1,11 •015 55 1,3~J-07 • • 15 265) 1,9Ji•0!5 ,2 ;•11 8 7,099•07 1,090•06 56 !·95111•07 
"'l • 4 272 ,415 +05 3,38 •11 9 ,,~77-07 33 1,123•06 !57 ·A8l• IP 
... 2 2802 J,i30+05 4,916•11 10 6, 26•07 34 1,43,•06 58 1. "'!·"'' 
•l,0 2877 
~· 152•1115 7 11U9+1~ \ 1 6,652•07 35 1,45 -~6 ,9 1,63 •IP 
•,8 295A ,00!4+f!5 1,11102+1 I 2 6,699•01 J6 1,40~·"'6 60 1,496•07 
•,6 J02 6,3;1+0!5 1,412•12 I 3 6,948•07 37 !,24 •06 61 1,0;, .. 0, 
•,4 J 10 3 7,9 1•05 1,9 2+12 l 4 6,580•07 38 1 p 1 •06 62 6,644•08 
•,2 J}81 1,00~•"6 2,767+12 15 7,3!58•1'7 39 I 94e07 ~J 7,256•08 
•,II! J 6i 1,§5 •06 J,848•12 16 1,01'16•06 40 7, 111 0!0•07 ~4 4 1 11149•08 ,2 JJ4 l, AJ+0!5 .,,3215•12 t 7 1,249•06 !! 6,133•07 65 
1,J85e07 
•• i42 }·99"+06 7,34g+t2 1 8 1,271•06 4,05J•07 ti 6 1,317•07 ,e 5i0 , 51i!2+"15 t,1'10 •tJ I 9 1,237•06 4J J,752•Pl1 151 1,24 6·'" 
,8 3~ 7 3,i44+06 t,380+1J 20 i·H4·06 44 J,745•07 158 &·"'~8-07 1 , l!I 3 85 3, 42+06 1,87!5+13 21 I 6e07 45 5,325•07 15 g .Ill 1•08 
t • 2 3775 4,933+06 2,540+1J 22 9,669•07 46 5,p2•07 70 5,!99•08 ,4 3887 6,Al5A+06 3,423+13 23 8,868•07 47 4, 22•07 H 5, 33-~8 .e 396 l 7 1 7 +06 4,587+13 ?4 1,1~7-015 A8 2,032• 1'1 7 1,1"118-01 
4 2 
TEFF 41'10~ • (;IUVITY 4 0 751tl LTE METALS OOwN 5 
TAU TEMP PQESSURE ELECTRONS E"'E11GE"'4T FL.Uk 
•JoA J32~ 2.54J+"4 8 0 A67+1PI l 1.545•07 25 J.497•015 49 1 • 15A9e1iH5 
-2.s JJlJ 3.2Q6+~4 Q.498+10 2 2.721•07 i~ i·655•015 50 .594•06 •2 • 6 331115 4.2154+k')4 1.139•11 J 4.65 •'117 .746•015 H 0 581-0e .. 2 • 4 3281 5.529+04 1.363•11 4 6 0 88Je ltl1 28 3,576•0!5 0 514.0e 
-2.2 3328 7,!73+~4 l,788+11 5 8,250•07 29 J.410•06 53 l·402.0e 
•2,A J327 9, 18+1:14 2 0 2.l4+11 6 9.634•07 30 3,J?.7•06 54 ,289•06 
·l,8 33119 1,223+05 :,,993+11 1 1 • ~p-06 31 3.240•06 55 l • 352•015 
-1 • 6 J 41'i 9 1·593•~5 4.177+11 8 1. 0•06 32 3.186•0!5 5 t> ,407-1116 
·'1 • 4 3554 .065+05 5.876•11 9 1,J97•06 33 J,1!53•06 57 t·f9•0!5 
•1,2 3643 2,653+05 8.284•11 10 1,523•06 34 J,1152•015 58 • 25•015 
• 1."' 37J~ J.312+"15 1,167•12 ~ ~ 1 • 650•1116 J5 J,1J8•0e 59 .211.0e •,8 3832 4,233+0~ 1,641•12 1,184-~6 36 3 • ~t'ia-0g e0 t·2i~·06 
.,6 JgJJ 5.253+05 2, :HH+l2 13 1,943•06 37 2, 57•0 u ,1 •015 ••• 4"'-0 6,446+05 3,?34•12 l 4 1.984•11!6 38 2,736•0!5 1,159•015 
•,2 4P~ 7,830•05 4.544+12 15 2, 11176•06 J9 2,498•015 6J 1,142•015 
•• Ill 4 78 9,436+05 l'i,:Hll+12 16 2 • 296•11!6 40 2,tet4•0!5 e4 1,133•015 
• 2 44A4 t • p0•06 9.lllld9+12 I 7 2.428•06 ~~ 1, 88•015 65 1·131.0e I 4 45 4 • 49+06 l.275+13 18 2.5'115•06 1,9}5•015 156 
.1 H -015 
,6 4735 1.6~7•i:ll'i l,815+13 19 2.513•06 4J 1.tt 1-015 !57 I QI •015 
,8 4934 
~.9p•~ti 2.1512•13 2111 2.690•06 44 1.a2 -0e ea ,055•015 
1 • Ill 5173 
·~ 6+06 J.854+13 B 2.796•06 45 1.s21-0e 159 i·0H-0e 1 I 2 5457 2. 25+06 fli.'1186•13 2,941•06 46 1,792•0e 70 .9 •07 
l I 4 5771 3 • 2"8•1'!f> 1.1'168•14 23 3,11!9f•0!5 47 t, 7 415•015 a S1,73J•l!!7 1 • e !Hi86 3 • 7A0+"16 l,Ql:!3•14 24 3,JOI •015 48 ,659•0!5 9,609-07 
TEFF 3 7 :')Ill• GRAVITY 4,75~ L TE "'ETALS O!" w 5 
TAU H:, MP PRE.SSUlolE ELECT~C'NS E"'ERGENT FLU)( 
• 3."' 2917 2.188+11!4 3.~2e+1.i ~ 1,462•07 25 2,846-06 49 1.120-06 •2.e 2928 2.930+04 4,619•10 ,517•07 26 3.~1112-06 50 1.121-0e 
'"2 I !5 2949 3.9!57•Pl4 5,978+10 J 4,174•07 27 J.0t'i5•015 H 1.124-015 •2.4 2998 5.408+04 8,JF•1~ 4 5,9Q7•07 28 2.91113.0e 
~·!48•015 
-2.2 3056 7.2.,1+'14 1.1 9+11 5 7,259•07 29 2.754•06 5J , 21•07 
•2."' 3129 9.72i•04 t.642+11 6 8 0 4~8-P7 30 2,71"•015 54 a."'10.01 
•1,8 32~3 1.28 •05 2,314•11 7 9,91112•07 H 2.638•0!5 55 8.434•07 • l • 6 3279 1,711111!+1'15 J.244•11 8 1.119•06 2, 596•015 56 9,697•07 
• 1 I 4 J357 2 • 2311!+05 4.524•11 9 1,217•06 J3 2.5112-0e !17 9,777•07 
• 1 I 2 J439 2.913•11!5 6,324•11 1PI 1,287•06 34 2.628•015 58 9.4"'9•07 
-1.0 3524 J . 784+05 8,828•11 1 1 1, 3152•06 35 2.615•015 59 9,022•07 
•,8 31512 4.879+05 1,232•12 12 1,448-06 36 2,5!H•0!5 eld a.582•07 
•.6 J704 6.233+05 1,71'•12 I J 1,570•06 J7 2,44A·06 g! 
7,921.01 
... 4 3798 7,88"'+05 2,39"1'+ 2 14 .5J6•06 38 2.22 •06 7,612•01 
... 2 389~ 9 • 863+11!5 J,JF•,2 l 5 1,624•06 39 1,997•06 t'IJ 7,5e9-07 
··"' 
J995 1.223•~6 4,!'5 4+12 115 1,911•06 40 1.630-0e 84 7,58!•01 
.2 4097 1.504+06 6,3p•12 I 7 ,1'111 .. 015 H 1,523•015 155 7,87 •07 • 4 421'12 1.838•11!6 8, l"'i fl• 12 18 2.1!5)9015 l • 444•015 g1 7 .6~7-07 • 15 4 JI l 2,234+0t'i 1.1aA+1J 19 2.19 •015 • 012•0~ 7,4151•07 
.8 4426 2,707•06 1,627•13 20 2,227•015 44 1 • 372•06 15 8 7,i90•07 
1 • eJ 4547 3.273+06 2.221"'i+l3 21 2,242•06 45 1.J111-06 69 15, 31•07 
1 I 2 4677 3.9!14+06 J,11155•13 22 2,34"•06 415 1,J50 .. 0e 70 6,654•07 
1 •• 48}8 4.779+"'6 4.208•13 23 2.366-06 47 1. 31'18•015 71 15 0 5PIJ•07 
1 • e 49 J 5 0 77Y+06 5,"17•13 24 2,15\7•06 48 1, 21110•1d6 72 6,518•07 
lEFF 351-1"' • GQAVITY 4 0 75..i LTE METALS OClW"1 5 
TAU TEMFI PRt!SU~E ELECT~Cl~S E~E.Q(;E~T FL. U X 
•3."' 2627 J.090+~4 2.2~15•111 
1 
~.J83•07 25 2.285•0!5 49 7.0J4•07 
•2 I (II 215 A 0 4,318•04 3.314•10 .284•07 215 2,460•015 50 '·!77•07 
•2,6 27J6 5,900+~4 4,749•10 J J,673•07 27 2. 511'5•M H 7, 01.01 ·2,4 281116 7,894+04 7,'1137•1~ 4 5,i68•07 28 2,J33•06 7.984-07 
-2.2 2874 1,038+05 1·"'!4•11 5 6, 1'9•07 29 2,177-06 53 5,978•1117 
-2.0 2942 1. 353+1tl5 1.4 9•11 6 7, 39•07 30 2, 158•06 54 4,990•07 
.. ,.e 300!9 !·75J+05 2,"'21•11 7 e.653•01 31 2 0 092•Pl5 55 4,998•07 
•1.e 3~7 ti .2e4•~5 2,822•11 8 9.753•11!7 32 2,055•06 56 6,A1"-01 
·t,4 3149 2,921+05 J,921•11 9 1.1'.'139•06 33 2,~49•06 5 7 6, 21•07 
•t,2 3222 J.7t'11•~5 5.425•11 10 l ,1i1112•06 34 2.1515•'1!6 58 6.352-07 
•1.0 3297 4.8J!•1115 1,416•11 1 1 1, 1 '119•015 35 2. 53•06 59 0.053-0, 
•,8 3376 6,~Q •05 1,'1127+12 1 2 1.!152 .. 06 315 2, l:!~9 .. 1!1~ 110 5,7~5-07 
•• 15 ~457 7, 22•"'5 1,4illl•l2 l J 1. 45-~6 37 1.974-~1' 
:1 
4,9 5.01 
•,4 3541 1.0u•+0e 1.9 2•12 1 4 1.20..1-015 38 1,772•1'1t- 4 • 43i .. 07 
... 2 31528 1.282+116 2,641+12 15 1,284•06 39 1,554•06 15 3 4,48 •07 
•,0 3718 1,6l8•P16 J 0 6P13+12 I 15 1, 5t'i6-~6 40 1,2215 .. 015 ~4 4,547•07 
• 2 38'119 0 11131•1'16 4,911!1•12 I 7 1,7Q3•P6 41 1,131•0!5 ~5 5, 1'2•07 
I 4 39"1' ~ 2 • 534+06 t'l.1552•12 1 8 1, 8 40•015 42 1,042•06 156 5,0~6-07 
• 15 399 J,144+06 9.'1105•12 1 9 1,846•06 43 ~, 002•06 15 7 •.8 9.01 
• 8 40Q1 J,889+~t'i 1,218+13 211! I 18A4 .. 06 44 ,852•07 ea 4.615•07 
1 • " 41 Fl9 4.7!17+r,,l'i 1.ti44+1J u 1.155•11!6 45 ~,010•06 ~9 4,228•07 1 • 2 4291d 5,874+~6 2,219•13 1,811•015 46 ,843•07 70 4,086-07 
I • 4 4394 '·)90+116 2,Q9t+l3 23 1,175•06 47 9,47"'•07 
~! 4,~t9•07 1 • 15 4 :>~ .! a. ~1•~6 4,1'12Q+l3 i4 ."'1::>1 .. 0 6 48 a.tt4•0' 4.190-07 
I) l 
THF J25111, GIUVITY 4,75a L TE METALS oo ...... 5 
TAU TEMP PRESSlJRE HF.CTR(ll,jS E"'EPGENT f'LUX 
•3, Ill 2313 •,605+0• 1,269•10 ~ ~,253-07 25 1,7Q2-1'16 49 3,811•1'17 •2,8 24F 6,696•0• 1,879•10 ,04~•07 a 1,971-06 5~ 3,97d•IP 
•J,e 2• 8 9,5•2•0• 2,911!!•10 3 3, lFI •01 '2 7 2,111113-06 51 4, IH9•07 
••• 255A 1,31J+05 ··'!8•10 4 4,4~2-07 '28 1,634-06 52 ~.21'i3-07 
·1,2 ie3 !,145+05 7,4 e+10 5 5,392•07 '29 1,071•1'16 5J J,7,9-07 
• I 0 1p ,2157+05 1,i21+11 6 6,268•07 J~ 1,664•06 54 2,Q94•07 
·1,e 27 6 , !Hl8+1'15 ~· 44+11 , 7,478•07 H 1, 61'13-1'16 55 2,82b•07 • , 15 2856 J,703+05 ,355•11 8 8,41112•07 1, 5ti9•1d6 56 3,~49•01 
•1,4 2930 •• 696+05 3,331•11 9 8,798•07 33 1,573-~6 57 4,0,J-1'17 
•1,2 3002 5,gJ7+05 4,1571•11 1 ~ 8,856•01 34 1,744•06 58 4,04~-07 
•1,1 3075 7,492•05 e,509•11 I 1 8,92!•07 35 1,741-M !'19 3,81 •07 
•• 3149 9,440+05 9,1112••11 I 2 9.r~ .pi7 36 I ,6Fl7•06 6-' 3,573-07 
• I 15 3 25 1,188+06 1,245+12 13 9, 41•1'11 31 I, 51'12•1'16 
~1 2,661-07 ••• 331'13 1,491•06 1,71iH!+l2 I 4 9,278-07 38 1, 389-01'5 2.1~8-07 
•,2 3J8~ 1. 815 +0tl §,33i•l2 15 1,01'14-06 39 ~,189·0~ 15 3 2,19!.1•07 
• , I!! 346 ,339•06 ,It> •12 It> 1,2ti9•06 4 1'1 ,ld54•1'17 154 2,179-07 
I 2 3549 2,923+06 4,2BFl•12 I 7 1,•93•06 4 1 8,232•"111 ti~ J, 179•07 
I 4 3634 3,645+015 5,777+12 I 8 1,531•06 42 7,;6J•Pl7 66 3,0155•07 
,e 3721 4,537+06 7,755+12 I 9 1,519•06 43 6, 45•1'17 1'57 2,9'H'l•07 
,8 3810 5,6J5+~ti 1,11138+13 2~ 1,445•06 44 6,711•07 ">B 2.1F·ld7 1 I Ql 39~0 6,91J5+06 l,388+1J H 1,J6~·06 45 , • 244•07 69 2,2 8-07 I , 2 3993 8,64b+06 ~,855•13 1,37 •06 46 7,d33•w!7 70 2,1'54•07 
l 1 4 089 1,0f'l9•07 ,483•1J '23 l,318•06 47 6,6<l7•1'17 11 2,153-'1'7 
l , 15 • 1 A 8 1,320+01 3,327•13 24 1,545•06 48 4,955•07 72 2.5~!!-07 
THF 31111dPI I GIUVITY 4,750 L TE 1>1ETALS oo .. .,. 5 
TAU TEMP PRESSIIRE ELECTRf1"1S E"'EPGENT If L II X 
•3,0 2011 6,454+04 5,2kl2+P9 1 1,)34•07 '2~ 1,353-1-16 H 2,1'124-~7 
•2,8 21A0 9,60!>+04 7,92ti+~9 2 1, 75•07 '26 1, 535•06 5!1 2,09i·07 
•2,6 21 9 ~,413+ei5 l,245+hl 3 2,656•\17 V 1,56t06 51 1,b1 •1'17 
•2,• 2 21 ,047+ei5 2,11105+1~ 4 3,603•07 28 l,JQ •015 52 3,152·~7 
•2,2 2294 2,Y,117+05 3,?86+\0 5 4,463•07 29 1,217•1"!5 5J 2.3~1-07 
•2,0 2379 ... ~29•05 5,448•10 6 5, 162•'" 31'1 ,2'117•06 54 1.11112-01 
• 1 ·" 2492 5,386+05 9,622+11'! 1 6,31119•1"7 H 1,153-06 55 1,497-07  I e 2590 b,9154•05 1,564+11 8 7,078•1"7 1,120•06 56 2,l'IQJ-07 
•1,4 2682 8,80Y+ld5 2,434•11 9 7,250•1d7 33 1,pl-1'16 57 2,285-07 
•1,2 2767 1,099+06 J,631•11 I Ill ,.021-01 34 I, 9i• t16 'id 2, 3"tl-~7 
• 1 I Pl 2848 1, 31'10•1d6 5,266•11 1 1 t,,777- 0 1 35 1.H •l""i 59 2. I 5•07 
"I I!! 2 9 'n 1,677+~6 7,50~+11 I 2 6,831•07 36 1,346•\.16 15-, 1,99!•07 
.,e 301116 .~e2+06 I , Pl 5 + \ I 3 1,128•07 37 1,21'15•1"6 1'11 1.3!5 •07 
•,4 J 118 4 2,533+015 1.468+12 I 4 6,728-0 38 i,~83•1"6 62 8,412•1'11! 
•,2 3163 3,i\ld+01'\ 2,1'129+12 15 1, 4;,3 .. r-7 39 , 025•1"'!7 63 9, V, 9J .. v,'3 
•• Ill J 43 3, 16+01'1 2,78f'i•l2 16 9,819•1'17 41'1 6,011-1,17 Ii 4 b,7~2-~8 
,2 J324 4,682+06 3,811!4+12 I 7 1,190•06 :1 5,952•1'17 65 1,738•"'7 •• 34"117 5,145+06 5,tb3+12 I 8 l,224•1'1ti 4,~1118• ~ 7 60 1,61i1-t,l 
• 15 3491d ,,i,52+06 ti,979+12 19 1, 21'18•fll6 43 4,ldf'i7•1'17 1'17 I, 5113•07 
,8 3576 8,660+015 9,J91'1•12 ,0 1,1?2•t16 44 4,09J•l'l7 6d ~,35.1-117 
1 I "' 366J 1,0154+07 l,~59•13 2 I l,011l4•V6 45 5, 164•1'17 ti9 , 1 7 fll • I" fl 1 • 2 3752 1,30B+P17 1,1585•13 22 9,8Q3•kl7 40 4,~95-1'17 l it, ll.~48•'18 
1 •• 3843 1,b09•"'' 2,247+13 '23 9,122-1'17 41 4,675•1-'7 7 1 1:1, 028-08 
1. 15 JQ37 I, 975+1(17 2,986+13 '2 4 I, 1 I 5•1'16 48 2,720-,'7 72 1. J :, 9 - 0 7 
THF J 7 5111, ::;QAIIITY 4,750 L TE ~ETALS oo .. ~ 5, 0/C UP 2 
TAU Tf Mp P~ESSURE ELFCHIC, NC\ E"'f. Q[,fNT f'L UX 
•3 I"' 2796 2,253+04 2,773+1\:'I 1 1,475•07 25 2,096-06 49 1, i,ll3!j .. 06 
•2,8 2856 2,9A4•'14 3,8b4+10 2 2,414•01 26 2,957•06 5d 1,10tl-06 
•2,15 2916 3,1 5•04 5,332+1"1 3 3,836•r17 21 3,1122- 06 51 1,127-06 
•2,4 §911 4,835+04 1, :ns+1.1 4 5.372•07 '26 2, 7 Q9•1dti 52 !·199-06 
•2.2 
"4} 6,235+04 l,1'105+11 5 6,620•"'' ::,9 2, ~92· "1 ~ 53 ,:>20•07 
•2."' J 11'1 8,05B+ld4 1,379+11 6 7,7Q3•07 30 2. sn-015 ~4 B,219•07 
• I , 8 Jr, 1.0•5•05 1,1199+11 7 9,354•01 H 2,:i13-t16 55 8,167•1'17 "I , e 3 50 1,359+05 2,~25+11 8 l,"'15i·06 2, 4110•1116 56 9,915•07 
•1,• 3328 1,17J+05 3,649+11 9 1,11 •01'1 33 ~.487•06 57 !·"'19•01'1 
• 1 I 2 34 i 1:1 ,318+05 5,lld7•11 10 1,139•06 J4 2, 6El6•1d6 58 ,876•07 
• 1 I 0 J•, 3,1:134+05 ,,,13+11 I I 1.r2-0" JS 2.11"9•06 59 9,419-07 
... 8 J59\1 3,9!57•05 1.~211+12 I 2 I, 29•1"6 36 2,045•06 ti,i ~.1-120-07 
•,15 36118 5,!6005 1,472+12 , 3 1,3?Pl-~6 37 2, 5'28•1'16 6 1 1, 9f'i2-1'7 
••• 37Q1 b, 62+05 2,111'5•12 1 4 1,258•1!6 3tl 2,32~- ~ 6 fi2 7,36o-~7 
•,2 3898 8,50:i+l'l5 3,11137•12 15 1,3,;5.11115 39 2,.!03•1:'16 63 7,452•07 
• , Ill 4 ~Pl ti 1,072+06 4,343+12 1 o 1,734•1'16 40 1.122-06 'i 4 l,565-07 
• 2 4F2 1,3J7•PII\ 6,173+12 17 2,0f'i2-~6 d 1 I, 611'1 • 1'16 l'i5 8,2133•07 
• 4 4 39 
~,65!•015 El,708+12 I 8 2.12i•06 42 1,,P14-~~ l'i6 8,1-!71•07 
.e 43150 ,02 +i,6 1,221•13 1 9 2,11 •06 43 1,457-1'1~ 67 7,8'57-07 
,8 4487 2,4152+06 1,704+13 ::>0 2 • ~3"'·"'6 44 1 , 4 31- .1 t- ~8 7,53!!•1-!7 
I• 0 462~ 2,987•01'i 2,:'>73+13 ~~ 1,947-~6 4:, 1, 465•1'16 1'19 7,"16•07 I· 2 ., 15 J,6}6•06 3,308•13 2,1'120•06 46 1,433- ~6 1" 6,8~2-fd7 
• 4 493} 4,3 5+1'16 4,1531"•13 23 1,9111•06 4/ 1, Jl!!6- 6 7 1 6.1.i1-01 
I • 15 5 I I 5,2Q7+015 l'i, '13-' • 1 3 :, 4 ,,319•1"6 dB t , 2 2" · " fli 72 l>,9tR-1.P 
TEFF J~0'11, C,IUVITY 4,7511 L TE METALS 00111'1 5, 0 /C u? 2 
TAU TEMP pqU\S ll ME fLECTI-IC'l"-4'\ £Mt.C1Gf~T FLUX 
•J,0 26J4 2,72th04 1,Q7~+1.-1 I 1,3A5•Vl7 75 2, ld<n-015 49 7,u6-07 
•2,8 215 Q J,6"'4•04 , 8 tl I+ I" 2 ,1Q0-07 2b 2,J55 .. ~6 50 7, 0•07 
•2. f5 2744 4,722+114 4,15~+111 J 3,392- ~7 27 2,J97•06 51 7,5415•07 
•2,4 28Pl9 b,i4!)+114 5,Q!4+11;1 4 4,b77•V 7 28 2,~114-06 52 8,597-07 
•2 I 2 2874 7 • l'i4+i-14 A,3 5+1 ~ 5 5,71'i"'•l17 n 1. 62•06 5J 6,418•1oi7 
•2 I"' 2941-1 1,029+05 1,f2•11 15 6,736•i17 30 1. 989•0t'i 54 5,337•07 
• 1 I 8 3iiiPI 7 1, 32b•"15 
~· 35+1 I 7 8.127-~7 31 1,92}·~6 55 5,J85•07 
• 1 I l5 307b 1, 7'11Y+vl5 ,27.hll B 9,142•07 32 1,dQ •1116 515 6,552-07 
• 1 I 4 3147 2,202+ 1<'1 5 J,149+11 9 9,4159• 0 7 33 !,Y22•06 57 7,0151•07 
•1,2 322) 2,63Y+05 4,359+11 1 0 9,4Q4•t'l7 34 ,212•1'!15 58 6,89 " •07 
•1,0 329 3,6'5J+i-15 15,Pl29+1l 1 1 9,5Q4-~7 35 2,2tl1•\'!6 59 6,57b•07 
•,8 3J76 4,729+!-15 ",346•11 1 2 9, c.lJ3•07 36 2,200•06 60 6,222•07 
•• l'i 34/'iJ b,i1J•05 1 ,pQ+l 13 1,050•06 37 2, 0 70•01'1 u 5,1f•07 •,4 3552 7, cii2+~5 1, 11'i+12 I 4 1,01111•06 38 1,c:191•06 4,4 6•07 
... 2 36415 1,019•"16 2,25Q+12 15 1,PIQ4•11l6 3 ).j 1, 669•06 15 J 4,592-07 
•• Cl! Jl4J 1, 3'1!9+06 J,lb4+12 115 1,42i·06 4., 1,J33•06 64 4,682•07 
,2 3642 1,b72+"11'i 4,'4JPl+12 I 7 1,72 •015 4 1 1, 232•015 15 5 5,b32•07 
,4 3944 2,619•06 6,188+12 1 8 1,770•06 42 1,117•06 66 5,46b-07 
I t5 404d 2. 157+06 8,ti14+12 19 1,7 :\1•06 <4J 1,072•0/li t5 7 5,301•07 
,8 4153 3,334+116 1,194+13 20 1,6"'i·06 44 1,lii64•06 1'18 5,0!3•07 1, 0 4259 4,140+06 l,6<4A+IJ ;, 1 1,4Q •06 45 1,1'1115•06 15 9 4,4 8•07 
t, 2 431'i9 5,1i4•06 2,2154+13 22 1,530•06 46 1,.,79•06 7"' 4,340•07 1, 4 <4 482 6,2 2+0l'i 3,102+13 23 1,46!•015 47 ! • c!36•M H 4,315-07 1. 15 <46'110 7,7U>+Vl6 d,243+1J 24 1,75 -~6 4tl ,4Q3•07 4,626•07 
HF F 400QI, GQAVJTY 4,750 L TE METALS OC'lW'-1 I Id 
TAIJ TEMP PQE SSURE ELECT~n"4S El"fl>Gf "4T FLUX 
• JI OI 3J4§ 3, ,i•04 6,2~9+10 1 1,547•el7 25 3,393•06 49 1·6~9-015 
•2,8 3J2 4,38 +04 7,493+10 2 2,725•07 2b 3,~36 .. 015 50 ,15 1•015 
"2 I t5 3298 5,728+0'4 1',784+10 3 4,61'i1•07 27 3,619•0!5 51 1,584•015 
•2,4 3290 7,5~0+04 l,'1!71"+11 4 6,888-07 28 J,482•06 52 1,575-06 
•2,2 33215 9,8J6+f/14 1,393•11 5 8,236•07 29 3,3'43•015 5J ,437-06 
•2, 0 JJ37 1,293+05 t.7t,5+11 6 9,6e!J•07 30 3 I 2 7 3•0!5 54 1, 3'4Je015 
•1,8 3 4"'8 
~-7~t05 2,444+11 7 1,10!7•06 31 J,198•0!5 55 1,391•015 
• 1 I l5 349! ,2 +05 3,448•11 6 I, 52 .. 06 32 3,150•11!6 5 t5 1,418•015 
• 11 4 357 2,8150+05 4,861•11 9 1,388•06 33 J,129•06 57 t,384•015 
• 1, 2 36152 3,651+05 6,827+11 10 1,513•06 34 3,128•015 56 ,333-06 
-1."' 3751'.l 4,bF•f/15 Q.547+11 I 1 1,640•06 35 J,11'18•06 59 1,288-06 
•,8 J842 5,7 J•05 1.329+12 ~~ 1,772•0/'i 36 3,044•06 60 1,236-06 •,15 3937 7,}30+05 i,fl45+12 1,926•06 ~, 2.940•05 u 1,187-015 •,4 4~37 6, 4b+05 ,5!>4+12 14 1,974•06 2,727•11!15 1,173•015 
•,2 4143 1,0155+06 3,531+12 15 ,0112-~6 39 2,494•015 153 1,155•015 
•• 111 4L55 1,288+06 4,876+12 \ 6 2, 21'i3•06 40 2,~"'0•0!5 t5 4 1,140•0!5 
,2 43715 1. 552+11!~ l'i,732•12 17 2,385•06 :~ 1, 84•06 155 1.1•0-015 ,4 450(:) !·6156+06 9,304+12 18 2,458•015 1,'}13•06 156 1,1i5-015 
,6 4650 ,240+06 1,291+13 1 9 2,524-06 43 1, tH!9•06 157 ,0 ld•015 
.8 4 811 2,690+11'6 t,1'05•13 20 2,638•06 44 1. d25•06 66 l,06i·06 1 , OI 4994 3,231+06 2,569•13 21 2,142•06 '45 1, 822•06 15 9 1·02 •06 t, 2 520J 3,877+06 3,8~1•13 22 2,879•015 46 1,786•015 70 ,011115-06 
1 1 4 5436 4,61u+06 6,0l!lll•lJ 23 3,024•06 47 1,741•06 H ,804 .. 07 1 I l5 5683 5,412+06 1,,,qe+14 24 J,218•06 48 1, 6 6 •015 9,730•07 
TEFF 375111, GQAVITY 4 I 7 51'! L TE MfTALS OOWIII 10 
TAU TE"'P P~ESSURF EL.ECT~O~S EMEP!if~T 'LUX 
•3,0 2924 J,~152+04 2,99111•10 ~ !·456•07 25 2,/99 .. 015 49 1,158-015 •2,8 2912 4, R2+04 3,761•10 ,514•07 26 2,IJ42•06 50 1,15!•06 
·2,15 2937 6,259+04 5.11i•10 3 4,179•07 '27 3, 002-1116 H 1.1.i •06 •2,4 30}2 6,4~6+04 7,34 •10 4 6,015•07 28 2,815,•06 ~,15,·M 
•2,2 30 Ill 1,1 3•05 1,0!19•11 5 7,267•07 29 2,72 •015 5J ,35 •07 
.. 2."' 3~42 1,487+11!5 t,433•11 6 8,483•07 30 2,685 .. 06 54 8,2J2•07 
• I , 8 3 16 !·954+05 2,ll!f/12+11 7 9,8158•07 31 2,6,9•06 55 8,7 0•07 
• 1 • 15 3290 ,552•ll'5 2,761+11 8 1,114-015 32 2,5 8•06 56 9,931•07 
"'1, 4 3J67 3,316•05 3,851+11 9 1. 14•015 33 2,5154•06 57 9,8155-07 
•1,2 34'47 4,2 9+1-15 5,328•11 1 0 1,288•06 34 2 • 61113•06 58 11,496•07 
•1,0 3529 5,515+05 7,373+11 1 1 1,3154•06 35 2 • 590•06 59 9,)27-07 
•,8 3SIJ 7,046+05 1,ci!19•12 1 2 1,452•06 36 2,528•'1!6 15" tl, 10-07 
- , 15 3700 8,929+05 1,408•12 1 3 1,574•015 37 2. 41:>1•06 u 8,~ 4•07 ... 4 J789 1.F2•0ti 1,9J9•t2 14 1,544•015 38 2,2111-015 7, 70•07 
-.2 3881 1, 96+06 2,665+12 I 5 1,6J0 .. 06 39 1,9 3•015 6J 7,675-07 
.. "' 3974 ~,730+06 J,155'11+12 16 1,900efl6 '40 1,618•06 64 7,799-07 
,2 4070 • p8•iii6 4,987+12 1 7 ,073•06 a 1,512•06 t5 5 7,92b•07 I 4 41159 2, 03+015 6,787+12 18 2,131•06 1,44J•06 615 7,727•07 
,15 4 7A 3,A71+11!t5 9.209+12 1 9 2,169•06 4J 1. <dl-'3•015 157 7,529e07 
,8 437 3, 53+06 1,2H+tJ 20 2, 21117•06 4 .. 1,Jl'i7•06 66 7,288 .. 07 1 I Ql 44A7 4,673+06 t,688•13 B 2,228•015 45 ,J70•015 159 6.g93.07 1 I 2 461114 5,6157+06 2,281+1J 2,324•015 46 1,J39•015 70 15,812•07 
1 I '4 4729 6,87J+06 3,1~2+13 2J 2,358-~6 47 1,298•015 
~! 5,629-01 I • 15 48fli2 8,3 .'9+1'16 d,:>!9•13 24 2,589•06 '48 1,21'4•06 6,1528•07 
4 S 
TEFF 35~0!. GQAVITY 4, 15"' LTE METALS on• N 1 Id 
TAU Tf "'P P~ESS ll ME f:LfCHH)NS f "'[O(ifNT FL U X 
•3,0 26!2 4,820+114 l,A95+10 1 ~, ,H8•07 25 2,255•06 49 1,512•1tl7 •2,A 26 1 6,869+1t!4 2,t'i2S•U , 214•1t!7 215 2,412•1i'16 50 1,559-07 
•2,e 274 9 9,541,1+"4 3,Q8 +10 J 3,67 5•07 '21 2,456•06 H 7,61114-~7 •2,4 21 8 1,285+05 5,9215+1'11 4 5,~111- 01 28 2, 3'119• 06 7 ,98 8 -1:'17 
•2,2 2tte2 ~,696+05 111,n,i1+11-1 5 6, 98• 07 29 2,167•06 53 5,9~7- 0 7 
•2, Pl 2933 ,2Pl4+05 1,249•11 6 7, 339•07 3 li'I 2,144•015 54 5, 029•07 
• 1 , II 3003 2,842+~5 ;,76}•11 7 8,1519•1tl7 3 1 2,"'81•06 55 s,Fs-0, 
• 1, e 3073 3,646+~5 ,45 •11 B 9,710•07 32 2,0,u-0 6 56 15, 15•07 
• 1, 4 3fl5 4,663+05 3,41tl2•11 9 1,040•1'16 33 2, "'J)- 06 'H o,593-07 
•1,2 J ~8 5,948+05 4,6115•11 I 0 l ,li'l76•06 34 2,125•015 58 15,406-07 
• I , 0 32 2 7,567+05 15,39e•11 u l,116•06 35 2,118•M 59 e.12 0 .911 ••II 3359 Sl,602+05 8,7il•I! l,f0•06 36 2,055•06 150 5,80~•07 
.,e 3449 l,2!6+015 i .A .. 1 13 l, 56•06 37 1,941•1-16 u 5,A8J-Pl7 •,4 353! 1,5 t,+06 !, 011•12 14 1,210•06 38 1,142-0e 4, 51•07 
•,2 361 1,933+015 2,f9•12 , 5 1, 290•'116 39 l,527-"6 eJ 4,843•07 
.. "' 31Ai 2,422+1t!6 2, 49•12 16 1,5,9•06 40 ,2'111•'116 e4 4,837-07 
,2 378 3,02~•M 3,986•12 17 1,762•06 a 1,109•1,16 65 5,2 0! 4e07 • 4 3879 3,75 +'16 5,318•12 18 1,808•015 1, 038•'11'5 66 5,053-07 
,e 3970 4,64t•06 7,245•12 19 1,820•0'5 43 ~, 1"111•06 15 7 4,902•07 
,8 4063 5,12 +0e 9,768•12 2r l, 7 96•015 44 ,769•01 '5 8 4,691•07 
l, 0 4p9 1,043+01'\ l,Jl5•13 2 1 l,758•06 45 9,896•07 159 4,399•07 l • 2 4 56 8,b34+06 1,768+13 22 l,814•06 46 9,639•07 10 4,258•1t!7 ,4 4357 1,056+07 2,377+13 23 
~·7 1•015 47 9 • 294•01 
~l 4. 153•07 1,6 44151 1,289+07 3,184•13 24 ,021•06 48 8,309•07 4,251-07 
TEFF 32 5'11, Ci~AVITY 4, 7 51d L TE METALS DOio 'J 10 
TAU TEMP P~E~SU~E fL.ECT~nNS E"'EOGE"4T FLUX 
•3,0 p68 7,41H+04 1,'1192+!0 l ~,23~e07 25 1, 7'59•06 49 4,214•07 
•2, l!I 4913 1,085•05 1,!'193•10 2 ,02 ·~1 26 1,921- ~!5 50 4,3H>•ld7 
•2,e 2446 ~,56~+05 2,362•1 ~ 3 3,175•07 21 1,915J•0e 51 4, 43J•07 
•2,4 250!5 
·~Q3+05 3,598•1 0 4 4, 3Q8•1d7 28 1,828•1H! 52 5.371•07 
•2,2 2596 2, 78•05 5,943+1 " 5 5.38!5•'1'7 ~9 1.0110-1-16 53 J,814•1i'17 
•2,0 268:> 3,890•05 9.373•1 ~ b 6,258•07 31tl 1,668•06 54 J.075•07 
•1,8 21615 4,Sl70+05 
~.3SlQ•11 7 7,440•07 H 1,609•06 5:> 2.945-07 •1,6 2842 6,219+~5 ,11124•1 l 8 8,3154-07 1.57~•06 56 J,711•07 
• l , 4 2911 7,885+05 2,1176+!1 9 fl,811•07 33 1,"J73•0t5 57 4,151:1-07 
•l,2 !992 9,858+05 4,035•11 10 8,900•07 34 1,722•06 58 4,i64-07 
• 1 , el 066 1,230+06 5,6015•11 , l 8,973•07 35 1. 72 0• '11 6 59 J, 4l:l•li'l7 
•• fl H4J l,53!•kl6 7,7J5 • 11 12 9,246•'117 36 I, 661d•r,Hi 60 3,709-1117 
.. • e 
32i5 
1,9111 +06 1,1116'11•12 13 9,821•07 37 1,:539-~e u 2,941•07 •,4 2,3e3+015 1,445+12 1 4 5),331•07 38 1,365•06 2,464•07 
•,2 3374 2,921+06 1,9:>~•12 15 1, l'IIU•06 ~9 A. 168·11l6 153 2,:,21-01 
•,0 3456 3,627•06 2,642+12 16 1,255-"'6 40 ,87!•01 64 2,52 •07 
• 2 353tt 4,489+06 3,551+12 1 7 1,452•06 :1 8,08 •1'11 fi 5 3,2ni1-01 ,4 3623 5,550+06 4,7:>,h12 18 1,489•06 1,254•01 fi 6 3,167•07 
,e 31i0 6,851t+06 15,353+12 1g 1,481•06 43 6,871•01 f) 7 3,054-07 
, l!I 31 8 8,4156•06 8,478•12 20 1,4315•06 <14 6,159•07 f'l8 2.8~~-01 
l • "' 3889 1,044•07 1,p1•13 H ,364•06 45 7,10!3•07 69 2,5r· 0 7 1,2 3982 1,287+07 
~· !0•13 1,384•06 46 6,894•07 70 2,3 5.01 l •• 4078 ,5118+07 
·"' 5•13 23 1, 329•'1!6 41 6,592-07 
~} 2,351•07 1,e 4171 1,955•07 2,715•13 24 1,542•0!5 48 5,28~•07 2,6 111 2•07 
THF Jlll00, Ci~AVITY 4, n50 LTE METALS DOWN 1 "' 
TAU TEMP PQESS URE ELECT~('1NS E"'ERGf"4T FL U X 
•3, Pl 208:> !,002•05 4,71~.0'9 1 l ,)08•07 25 l.314·~6 49 2,215•07 
•2,8 2119 ,492+05 7,0lb •P'9 2 l, 57•07 26 ,473•06 50 2,33.3e07 
•2, e 2163 , 21114+'1'5 1,0l84+1ci 3 2,641•07 27 l, :>Ol9•.'lfi 51 2,11 0 -01 
•2,4 22J4 3,217•"'5 1,692•1~ 4 3,596•07 28 l,JQ2•06 52 J,41 1d •07 
•2, 2 22 9 4,611+05 2,704•Hll 5 4,443•07 29 1,237•"'6 53 2,429-07 
•2,0 2355 6,458+05 4,43111•111'1 6 5,!42•r7 30 1,226•06 54 1. 80IJ•07 
• l. fl 2446 8,7116+05 7,295•1 0 7 6, ,1 .. 07 H 1, 115•06 55 1,592·0' •l,6 2559 1, 145l+06 1,265•11 8 7,02l•kl7 1, l 42• 1d 6 !'16 .180•07 
.. l, 4 2661ri l,452•06 .!,11132•11 9 1,2t51-r1 3J 1,152- 06 57 2, 424-07 
•1,2 2150 ~, 800+015 3,"1179•1 l u, 7,071•07 34 1, .378•0!5 58 2,543•07 
• l. el 2834 , 21117 +06 4,495•11 I 1 6,837•07 35 l,JA2•0!5 59 2,371l1•07 
•,8 2916 §,692+015 6,413•11 1 2 6,8Q4•1'17 3b l, 333• '11 6 60 2,22~•07 
.,e 2996 ,276+015 9,"11918•11 1 3 7,2'117•07 37 l,20!•0!5 u l,63 -01 •,4 307:, 3,97!.1+06 1,251'1+1 t 4 6,774•01 38 1,07 •06 1 • .ii3J-07 
... 2 3ps 4,833•06 1,721'1•12 l 5 1,384•07 39 8,956•07 63 ~,110•07 
... ('I 3 3b s,s1A•015 2,352+12 16 Sl,51117•07 40 6,605•1117 154 ,918-28 
,2 33 t 8 7,AJ ·~15 3,\9fi•l2 I 7 l,120•06 a 5,926•~7 155 1,9 lt•07 ,4 34"' A 8, 75+06 4,319•12 18 1,150•0t'i 4,779•11J7 !56 l,849•07 
,e 348 1,057+07 5,11~5•12 19 l 1 146ei,t'i 43 4, 328 .. 1117 e1 1,7159-07 
,8 3~1i 1,287+Pl7 7,7 3+12 2111 i, 11193•015 4~ 4,325•01 68 l.561-01 l • l'J 365 !,571•"'7 l,1'141+13 H ,953•07 . ~. 5,p5-~7 15 9 1.16 -01 1,2 3749 ,918+"7 1,3815+1.3 9,847•07 •t 4, 67•07 70 l, "' 42-07 
1, 4 384~ ,342+07 ~,84!•13 23 9,177•11J7 47 4,b87•07 ;~ 1, "' 27•07 t,e 393 2,859+~7 0 44 •13 2A 1.101-06 48 J,J26•07 1.41Hl-07 
TEFF j 7 ~"'. GIHVITv 4 • 7 5 '°' LH Mt:.TALS 00•~ I 011' 
TAU TE wp PQfSSUkE ELECTRO"'~ E"'EIIGENT FL UX 
• J .111 2917 1.1114+1'15 l.~12+11'.l ~ ~.4 33 -07 j~ 2. t>f'i8•M 49 l•l9~-IH, -2.8 2931 1.t>46+05 2.lllvie+10 .498•07 2.,18-0e "'0 • 7 4w0f: 
• 2 • 15 '9QA 2.264+0~ 2.R84+11i 3 •.21'13- 07 27 2.B36•01'i 51 1.158-1'1 6 •2.4 J97 J.134+05 3.1525+1"' 4 6·f"7-07 ?!I 2.782•06 ~·150•06 
•2.2 ~15J 4 • 32+1'15 5.326+1V, 5 7 • Q8•07 ,>9 2 .15Q6•0e 53 • 1 2•07 
-2 .111 3!42 5.574+05 1.551•10 6 8.478•i'7 3 0 2.658•06 54 8,87~•07 
-1 • 8 J ~9 7,2p+1'15 1.1'153•11 7 9.754•07 3 1 2. 61'16 ·"6 '55 9,554-1117 
-1 • 6 32 5 9.2 7+05 1.45:>•11 8 1, l'J98 •1d6 32 2.~70•06 56 i,019•06 
-1. 4 3371 1.1n•06 l,Q91•11 9 1, 21l16•1'16 33 2, 555•1'16 57 , 934•07 
• I , 2 3448 1,4A1+06 2,724+1 I 10 l,2Q8•06 34 2, :>6 8•06 58 9,546-07 
• I , 111 3525 1,858+11!6 3,7211'+11 1 1 1, 3117 •06 ~5 2. 553 .. 0e 59 9,1Q3-07 
•,8 361l14 2,319+"16 ~.lll75•11 1 2 1,479•06 3b 2,496•06 ~\'I 8,799-07 
... 6 36114 2,8110+06 !i, cn111+ 11 1 3 • 5Q6•1'16 37 2,JQ6•0e 61 8,410•07 
•,4 3 7 6t> 3.5!11+~1'i 9.42f'i+11 1 4 1.s98•ae 38 2.193•06 e2 11.295.e,7 
... 2 385, 4.386+06 1.'-82+12 15 1,6155•06 39 1 • 91'i9•0f'i eJ 8.~57-07 
- .111 39l 5.Je0+06 1,7311•12 16 l,R52•06 40 1. 61'15 •0e !14 8, 16-07 
,2 4027 6.6Hl+06 :?.~t>8+12 I 7 1·959•06 4 1 l.~llll•l'll5 ,s 8·""'~-01 
• 4 4121 s.120+0f'i 3.22Q+l2 18 , 01 t06 42 1,439•1Hi 66 7.813•07 
.e •21s 9.913+1'115 4.363+12 19 2,05 •06 4J 1,41111•"6 15 7 7,b27w07 
,8 4312 1.21116+07 s.8b6+12 21-1 2.125•06 44 1.361•06 f'i8 7,422-07 
1 • "' 441! 1 0 464+'17 7.873•12 21 2.~83•1'16 .. 5 1,358•1'16 e9 7 ·f9•07 1 • 2 451 1.777+07 1,11158+13 22 2. 77•06 46 1 • .321-ae 70 6. Q7•07 
I , 4 4622 2.154+~7 l.426+1J 23 2 0 356•0e 47 I, 288•1'16 7 1 6 0 7Q1.01 
I• !I Al 34 2.61116+1'17 1,934+13 2 .. 2.519•06 .. 8 1, 223•015 72 15,773-07 
TEH J'501'1. G'UVITY A O 7 ~0 L TE "4fTALS Dt'li. ... 1 11 OI 
TAU TE "4P PQE SS URE F:LEL TRONS EME11GE'4T Fl, UX 
•3.0 2567 2.253+05 Q0 9i9•P9 1 1.J"l5•07 25 2, 1165•01'1 49 8 0 455wi'17 
•2.8 2594 3.!85+v,5 1.J 9•10 2 2,244•07 26 2,~62•06 50 8,338•07 
•2.6 2652 •• Q5+v15 2.1'154+1 ~ 3 3.686-07 ?7 2, 21•1116 51 8.223-07 
•2.4 2725 5.8"1,•'1!5 ~.OJ5J+l0 4 5.252•07 28 2,227•06 52 8,i91.01 
"'2 0 2 28~t> 7 .6\11 +1'15 4.!54Q+1 0 5 6,317•1117 29 2,1157•06 5J 5. e1.01 
•2 .111 28 b 9.617+05 6.745•10 6 7,J?6•07 30 2,148•06 54 4,918 .. 07 
• \ • 8 2972 1,20!1+'1!6 9,48A+10 7 8.466•07 H 2,11115.0e 55 5.213.e,7 "1 0 15 3046 1.49~•1'16 1.308+11 8 9.509•07 2.~75•06 515 6,875•07 
• 1, 4 312" ~·84 +06 1,7!!1'1+11 9 1.033•06 33 2.0153•06 57 15 0 91119-07 
-1.2 3194 ,281+0!5 2.402•11 10 1.092•06 34 2, 102•06 58 6.6•1•07 
• 1. :ii 3270 2.8}7+06 3.226+1 I I I Io 142•0!5 35 2. ld90 .. 06 59 6,365-07 
··8 J3A 7 3.4 9•'116 4,325•11 12 1.~97•06 315 2, ld35•06 60 6 0 ~5d•0:7 
•• e 34 26 •.295+06 5.791'+11 1 3 1 o 79w06 37 I, 933•0!1 u 5. 33-07 •.4 35P8 5.2Q7+0!5 7.765•11 14 1,244•015 38 1.73!!•06 5,623-07 
•.2 3590 6,522+'1!!5 1.1'!47+12 15 1.297•06 39 1.521 .. 0e 63 5,52h07 
... " 3675 8.1'122+~1', 1 , A 11'1 + 1 2 1 6 1. 4159.0e 40 1, 2"'2•06 l'i 4 5.424•07 
.2 37 l'i2 9.85A•l1lf'i 1.9015+!2 1 7 1, 5'59•06 :~ t,112•06 65 5.443•07 • 4 3851 1.20 +07 2.577+12 18 1,594 .. 06 0 11159•06 156 5.299•07 
• I', 394, 1.477+07 J.d!!ti+12 I 9 1.621•'1!6 43 1.~26-06 15 7 5.i57•07 
.e 403 1.!!19+07 ... 775+12 20 1,61'i,•06 44 9.9 Ji •07 118 4 0 99weJ7 
I • l1l • 13!! 2,247+07 1'1.574+12 u 1,68 •015 45 9,91 •07 69 4,80J7 .. 07 I• 2 4237 2.749+07 8.935+12 1.747•06 46 9.C>60•07 70 4,569-07 
1 0 4 4338 J.347+07 1.206+13 23 1.784•06 A7 9.J39•07 
~! 4.518•07 I • 6 4 4 A 1 4.065+07 1.623+13 24 1.9 30 •06 48 8,770•07 4.515•07 
1HF 3251'1 0 GIUVITv 4 • 7 51d LTE "ETALS OOWl-l I ~l'I 
TAU TE "'P P~ESSURE ELECUO~S fl"EQGE "IT 'L ll 1t 
•3 ·"' 2293 3.3'11:'1+~5 ... Q94+1'19 ~ 1.~66•07 25 1. 4eJ .. 06 49 ~.113.e,1 -2,8 2313 4 0 920+i.,5 e.90"'•"'9 1. 64•07 26 1,55~ .. 06 50 s.12s.01 
•2, 15 2JJ7 7.133+05 Q0 595+P9 3 3.P"2•11'7 27 1,61 • 015 H 5.ee1-01 •2,4 23Q1 1.016+1:'16 1,477+1,1 4 4.324•07 26 1,659• 06 5,824•07 
-~,2 2484 1.395+06 2.52,•10 5 5,235•07 29 I· e,:59.015 SJ 3.714•07 
• • CII 26"'5 1,81115+06 4 0 4 C> • 1 0 6 6.01i5•07 3 e, .64J .. 06 54 2,780•07 
•1,8 27~4 2.248+06 7.lll36+11d 7 1.059•07 H 1,62i"'"'e 55 2.91~·07 • 1 • fl 2793 2,748+~6 l.lll42•11 8 7.8Q5•07 1.00 •06 5e 4,44 .. 01 
• 1. 4 2cl76 3.328+06 1.48Q+l1 9 8.51'.'17•01 33 1,599•06 57 4,728•07 
• 1, 2 2956 4.0~1+01"i 2.e-82•11 10 8.813•07 J4 1,674•06 51:S 4 0 61'13 .. 07 
•I, Ill H~4 4.8 l+~ti 2.1167•11 1 1 8 0 9\8•07 35 t,610.0e 59 4.3 89 •07 
•,8 31F 5.795+06 3.Q03+11 1 2 9.090•07 36 1,631•06 !I" 4. A 53.1111 
-.6 3 1 1 C>.972+06 5.270+11 I 3 9 0 552-1117 37 1.s4i•M g1 3. 21-e1 •,4 327 ! 8.40J1+0!'t 7.11173•1t 1 4 9,01'19•07 38 1.J7 •06 3,66 •07 
•.2 335 1.014+07 9.451+1 I 5 9,3Q2•07 39 i·~8J•06 63 3.6"'4 .. 07 
•,0 3437 1, oi!28•07 1,?C>OJ+12 16 1.,11157•1116 4 Ii , 10•07 !14 3.545-07 
• 2 l52J l·489+07 1.66111+12 17 1.123-06 a 8 0 p1-01 e:i 3,684-07 •• 3610 .806+07 2.239+12 16 1.143 .. 06 7, 154•07 !16 3.5'5•07 
.6 371'1rl 2.A98•07 2.992+12 19 1.159•06 43 7.473•07 ,, 7 3,4e8.01 
.8 3792 2. 75+07 4.1'11'19•12 21'1 1.185•06 44 7,217•07 158 3.340•07 
I• 0 3886 3.257+07 5.388+12 u 1.~94 .. 06 45 7 0 250•'1!7 e9 3.171•07 I • 2 39114 3 0 1H5+07 7.289+12 1, 26•06 415 7.039•07 70 J. 0e2-01 1 • 4 4C,93 4.937+07 l.l'lt5•t3 23 1,244•06 47 6.77J-~7 H 2,955-1117 1 0 6 4 2 l'I 1 ti.067+01 1.3 ~•13 24 I, 359•015 48 e,21 ~ -~1 2,9Q'1! .. 1,7 
47 
H:FF j 11111111 1 GIUVlTY 4 1 7 5 id L TE "4ETALS oo .. ~ I d0 
TAU TEMP P~ESS IJ RE ELECTRl'1NS E"'EPGEl\jT FL U X 
• 3, Ill 2~611 3,7Q5+0 5 2,i7111+1119 1 1, 0 21•07 
~g 9,34 8 • 111 7 49 J,6J5-07 •2,9 2I0!5b 5,b"5•05 2, !07•1119 2 1, 6 ''>1 • 0 7 1 • .1 21- ~6 ,., J, 690 • 0 7 
•2.~ 2077 6,2'57•11!5 J ,9b\+1119 J 2,4 79 • 0 7 27 1,M!7• r'6 51 J,7t'i 0 • I0 7 
•2,4 20Q2 1.2r•"l'i 5,~45+1119 4 J, 4 111 4• 07 2e l,l J 7• 1cl 6 52 4,277-07 
•2,2 2p() 1,7 J•0'5 R,,q5+1119 5 4,F6· 07 l9 I, 51i • l1 6 5J J, 1113 9• !0 7 
•2, Ill 2 29 2,572+!06 !·5!4+1 ~ 6 4, 91•07 3 111 1.110- "'6 54 1. 5 7b- 0 7 
• I 1 8 2 J" () 3,528+06 ,2 4+111! 7 5,618• 0 7 H I • 7 3 . 1,1 l'i 5 5 1, 7fli2• 0 7 •I I e 2522 4,529•-'6 6,19t'i+\ 0 6 6 ,2!54-~7 1,175• 111 6 56 4,2 15 !• 0 7 
•t.• 2635 5,5117+0!5 l,IIIJ2+11 9 6,1:n-111 3J l, l 77 • l.\ l'i 57 3, 2 6 • !'1 7 
•t,2 273J 6,744•06 1,589+11 I Ill 6,8CJ11!1•1!17 34 1,288• 0 6 58 J, Jlll 6- ~7 
• 1 • " 2824 8,045+11!6 :>,J24+11 l t 6,5155• 0 7 35 1,297- 06 5 9 3.~27-07 .. • A 29i0 9,542•~1'i 3,,98•1 l 6,429-r.,7 3 6 1,28/• 111 6 6 11! 2, 5J- I0 7 •• e 29 4 l·FQ•0, A,592+11 6 , 553•07 37 1, 226• 0 t"i 61 2, 552•07 
••• 3077 , 35+07 6,307•11 I 4 s.~91-01 38 1,1r'l9• 0fi 62 2,241• 0 7 
•,2 3161 1,511~+v,7 A,58111+!1 I 5 6,21112.01 39 9 ,4313- 0 7 63 2, 2 18· ~7 
•,Ill 3 44 1,IP •~7 1,159•12 16 6,882• 0 7 40 7.~14• ,d 7 e4 2.1~ 9 - 0 7 
• 2 3.329 2,231cl+07 ~,554•12 I 7 7.115• 1!1 7 
:1 
6,J65· ~ 7 ,5 2,589•07 
• 4 341 b 2,b59+07 ,076+12 1 8 1,194•11!7 5, 850 • " 7 66 2, 50 4• 07 
,6 351114 3,111t0+07 2,764+\2 19 7, 75-07 43 5, 5 37-1117 61 2,421•07 
,8 3595 3,8~6•07 3,674+12 2111 7,447• 0 7 44 5,J 5 J- ~ 7 68 2,3 111 ~· 111 7 1,111 3688 4,5 2+07 4,,,811+\2 2 1 7,5 ~3•07 45 5,524• 111 7 !5 9 2, \?I •07 
t, 2 3784 5,54~+07 6,52111+12 22 7,648• 1P 46 5,J4 8 • {11 7 7 IO 2 , ,dl"Ad - Vl 7 t, A 388.3 6,70! +07 8,723•12 ~3 7,714• 0 1 ., 5,!'1• 111 7 H ~ · 9~9 - 0 7 t, 15 3985 8,116+07 1,\71+\J 24 8 ,545•1'7 48 4, \4• 1-1 7 
· " 6 • 0 7 
TEFF J 7 5111. GIUVlTY 4, 7 51/l L TE "1ETALS 00 111 '-l PIIII, DIC UP I Iii 
TAU TE "4p PQ~ SS URE ELfCTR ON' EM[PGENT FL U l 
• 3, Ill 2735 8,5~1+04 8,el51•1"9 1 1,465•07 25 2,c!91:1•Pl6 49 1,J\4• 0 15 
•2,8 21:1 i 6 t·Al52•05 1,211·1 ~ 2 2,294•07 26 2, ~9d• l:l 6 50 1. j ,I J.06 
•2,8 28 5 1 56•05 1,7 9+10 3 3,5'56•07 27 2, ti 4J• 0 6 H 1. 2Q2- 0 6 •2,4 297 ~ c!,0155•05 2,579•1 ~ 4 4,91116•i'l7 28 2.438• 111 6 1,2Q6-06 
•i,2 3d5 i-· 2,7~4+05 3.672+1 0 5 6, 0 76•07 29 2,.!40• 0 6 5J 1,14 1:1 -015 
•• 0 3f8 3,5 2+05 5,185•1 0 6 1,FJ-01 30 2,291• 0 6 54 l, 111 55-ill6 
• 1, 8 3 Pl t. 4,655+05 7,288•1 0 7 8, 25•07 31 2,232•015 55 1,1?2-0t"i 
•t.~ 3285 6,034+05 1,11122•11 8 9,727•07 32 2,222• " 6 56 1. 1511!• 0 6 
•t,4 3J65 7,779+05 1,432•11 9 1,C111118• 0 6 J3 2,261•i'il5 57 1,126-015 
·1,2 3446 9.973+05 2,"'08•11 10 1. 0 12-06 34 2, ()2 8 • 1,1 6 58 1. P' ~b- 0 6 
. . " 3529 1,273•06 2,8i9•11 a 1, 0 26•11! 15 35 2,71114• 0 6 59 1, Vl 47e0 6 •,8 3614 ~,617•06 3,9 P1•11 1, 0156•P16 36 2,655•015 60 ~, 1'1 1114- 0 15 
•, 6 37 1" 1 1047+0e 5,565•11 13 1,132•1116 :u 2,:>26- 0 6 l'i l ,51b•07 
••• 3790 2,580+06 7,Pll9+1~ I 4 1,072• 1:1 6 38 2,378-0!5 62 9,J Pl 9•07 
•,2 3882 3,239+06 1,11197•1 15 11!7A911!6 39 2,ril•0e f)J 9,193•07 
•• Ill 3977 4,052+06 t,535•12 16 1, 2 •06 40 1, 84•06 154 9 · " '4•1cl7 
,2 41/l7b 5, 0153+015 2,146+12 , 7 1.662• 06 a 1, 1> 75- 015 65 9,~n- 0 1 •• •rs 6 1 299+06 2,986+12 18 1,91117- 0 6 1, C>l'l5•06 66 8, 61.0, ,15 4 82 7 1 81'15+015 4,A31•12 19 1, ~66•1:lt'i 43 1,56J- ~15 ,,, 7 6 . 7153•07 
,A 4J90 9,6315+06 ~. 92•12 ~ Pl 1,731•06 44 l,52J•06 68 8,52 9 -~'7 
'· I 45"A 1,186+07 7,8315•12 H 1,631• 0 6 45 t • 524•0!5 69 8,225- Pl 7 t • 46t ,455+07 1,11181+1J 1,674•06 46 ,49!•06 
'" 
1:1, 0 22- 0 1 
t •• 4733 1,716+01 1,511!2•13 23 l ,6i'l3•06 47 1.44' • 0 6 
~1 
7, 8111 tl•lil7 
t, e 4854 ,156+ 0 7 2.1 ~9•1J ?4 l, 929•06 48 1,Jl57- 0 6 7, 8 7 9 - 0 7 
THF J500! 1 GQA'llTY 4,750 L TE "1[TALS OOW'-l 10 111, OIC u" 10 
TAU Tf~P PQESSURE ELECTRO NS E"' EPG f NT F L U X 
•3,111 2J22 9,!97+04 2,333+1'19 ~ ~,3!'i2•07 25 1,757•06 49 9,425-07 -~,8 2463 1, 80•05 5,1'114+1'19 , 0 35•07 26 ,010-06 50 9,J98-07 
• • e 2587 1,981•1'15 9,518+P'9 3 3,053• 0 7 27 2 ,"46•06 '51 9,J12-07 
•2.4 2693 2,71~+05 i,!536+1;, 4 4,147•07 28 1,846• 0 15 52 Y,6Pl b•07 
•2,2 2189 3,69 •05 ,6~2•10 5 5,168•07 29 1, 648- 015 5J 7,2159-07 
•2,111 287Sil 4,898•05 4,Q!36+1 1/l 6 6,025•07 3 id I. ti9ti• 111 6 54 6,ftl•07 
•t,8 29e5 6,4!5•05 5,982+11/l 7 7, 38Sil .. 07 H 1,640- ~6 55 6 , 3 2•07 •t,15 304Sil 8,3 2•05 8,1548+1 111 8 8,291•07 1,626• d 6 56 1:1,12 2-07 
•t,4 3p3 1,076+015 1,n9•11 9 8,454•07 33 1,084•0 6 57 8,A49.01 
•t,2 3 17 1,381+06 1,724+11 10 8,298•07 34 , 120- 111 6 58 7, 7 4-07 
• t • Pl 330A i•1e6+015 2,402•11 1 1 8,1!'i9•07 35 2,22 6•0 6 59 7,515 2 -Pl7 
•,8 338 ,248+0e 3,333•11 12 8,314•07 36 2,184• 06 60 ,,2i8•07 
•,8 347 A 2,85~•"6 4,1523•11 1 J 8,740•07 37 2,lilJ-06 g1 15,6 7-07 •,4 355 3,60 •015 15,415•11 1 4 8,21114•07 38 1 • 9 29 .. Pl6 6,396-07 
•,2 3647 4,534•06 8,907+1~ I 5 9,076•07 39 1, 110- 0 6 63 6,341•07 
•,0 3737 5,684+0e 1,~J7•1 16 1.221-06 41 1,J 6•111t"i 64 6,28 ~•07 
• 2 3830 1,i03+015 t, fh12 17 1,51'! •06 :~ 1, 29t06 65 ti, !> 22•07 •• 3Sil 2 4 8, 48+06 2,3 6+12 18 1,54t06 1.22 •015 66 6,359-07 ,e •022 l,102+07 3,319+12 19 1,49 •06 43 1,184•06 ~7 6,~o8•07 
,8 4FJ ,373+07 4,625•12 20 1,368•i'16 44 1,15J .. 06 l'i8 6, 011H:1 •07 1,111 4 26 , 71113•07 f'l,403+12 21 1,25A906 45 1,159• 0 6 69 5,711:!•07 
l • ~ 4330 2.A0t•i.P 8,8 09•12 22 1,25 •06 46 1, 13tl' ~ 70 5,554•07 443 §• A •07 1,207+13 23 1,175•015 47 1, ld9 . •015 
~! 5,41112•07 t: e 4549 ,172+07 1,fi49+13 :>4 1,44<'.• 0 6 48 1, 0 1'1 9•06 5,474•07 
'1 fl 
THF 425'11. GRAVITY 5.750 L. TE MIGME~ GRAVITY 
TAU TE~P pq~ 5SURf ELECTRO~~ E"'tQG ENT FLUW 
• J • A 3487 4.blll1+1!4 5.21"'•11 ~ !· 6 42•07 25 4. "'"J•llll5 49 2.212-06 .. 2. e J•96 5,921•04 15,.10•11 .92 0• 07 26 • 0 21'i7•1HI 50 2.200-015 
•2 0 15 3 5 1 1 7.f>Jl+04 7,915•11 3 5.1'115J .. 111 7 27 4, J86•1iH5 H 2 • 199.~H5 •2.• 35• ! Y0 e,5 +04 t ,11105+\ 4 7,595•0 7 26 4,277•015 2. 7J .. (l!f5 
•2 0 2 355 1,275+05 1.2~2+1, 5 9,1118l•07 ~ 9 4,129•015 53 1. 96•06 
•2."' 3577 1,b5b+i'15 t,5 7+12 6 1.0e .. 015 3" 4,042•015 54 1.102-015 
'"l e ~iu 2,p5•05 2,0015•12 7 1, 225•015 H J, 954•015 55 l · 1811.0e • : e 2, 1112+~5 2.~75+12 8 1,392•06 J, YIIIA•M 56 .941•015 
.. 1 •• 3755 3,b17+05 3.701•12 9 t, 5"55•1Hi JJ 3,B7 •11115 5 7 t·928•1i1115 
• 1 • 2 3854 4,6f•05 5,178•12 10 1,714•06 34 :.,,a1a-015 58 ,650•06 
• t , 0 J95t> 5,b J•l:15 1.:,14•12 \ 1 1.876•1!f'i J5 3.835•015 59 .797-06 
... 8 4015.3 7.21'i0+1115 l 0 0104+1J \ 2 2. " 43•015 3 6 J.l7 0 •1l16 15" 1,13.i.0e 
.,15 41' 6 8,9!'15+05 1,4(/!lll+IJ 13 2.226•06 31 3. 66tl•015 61 1,15115-015 
•• 4 4297 1,094•Pl6 1,956+1J 1 4 2. 333•(/!ti 38 J,4';3•015 152 ,653-015 
-.2 4•29 1,325•015 2,755+1J 15 2, 436-~6 39 J.21.3•0!5 153 1.e2a-0e 
... "' 457J 1,593+06 3.9(1!15+13 \b 2.6,~•0f'i ·~ 2,tllll4•015 15 4 1,1530•0!5 .2 47J5 .9'1l6+015 "5,~1n+1J 17 2,74 •06 ,q 2,077•0!5 15 5 1.641•06 
• 4 49!9 2.212+06 8,11191•13 1 8 2.838•015 42 2,595•015 1515 1. 611115•015 
• 15 5! J 2,71115+(1!15 t,183+14 19 2.925•015 4J 2.544•015 1'!1 1,570•015 
.8 5 ~9 3,226•06 1,749+14 20 3,089•06 44 2 • 51110•015 15 8 1. 5:.>8•1'115 
1 • QI 57n 3,6151•~15 2,f'!J2+14 H 3, 2 415•015 45 2,496•1Hi 159 1,477•0!5 1.2 15"' e 2 4,644+015 •.151•14 J,426•015 46 2,457•0!5 
'" 
,•49•015 1 , 4 15 51 3 5,559+015 7,264+14 23 3.655•06 47 2,41114•015 7 l 1, • p•01'i 1 , 15 l594tl 6,531+06 1,Jb9+15 24 3,876-0 6 48 2,29 0 •06 72 1,3 5•0 15 
TEFF 41110 Pl, GRAVITY 5, 1 irn L TE "4IGMER G~AVITY 
TAU TE~P p1n SSURE ELECT~ONS E"'ERGE"IT FLUW 
•3 ·"' 32~7 •, 31114•0• 3,sF•11 1 1.se•-0, 25 3 0 4)8•015 .9 1,5eJ.0e 
-2.8 3289 5,54(il+04 4,2 6•11 2 2,743•07 26 J.5 9•015 50 1,59!•015 
•2.e 329! 7.1''1•0• 5,25••11 J 4,6152•07 27 3,ei64•C'll5 H 1, 15111 •015 •2,• J29 9,385•04 15,476+11 4 6,839•07 28 J,547•11115 1,1517•0!5 
•2,2 3295 1,238+05 8,C'l215•1} 5 6,224•07 211 3,416•06 SJ 1,324•M 
•2 ·"' 3357 l,645+05 1,10••1 6 9.613•07 30 3, Jl5J•015 5• 1,151•015 
• t • e 3422 ·r'•05 1·5!3•12 7 1,1p-0e H 3,292•06 5:i 1.!'4·015 • I 15 3493 2, 84•"5 
·"' 2•12 8 .2 1•015 3,250-0e 56 1. ,s5.0e 
•t,• 3515 3.799+05 2,9r~·,2 9 1,,39!•0!5 33 3,234•06 57 1,:397•015 
.. 1, 2 3657 4,l/156+05 4,1'1 5+12 10 1.50 •06 34 3,25J•0e 58 ,321-0e 
.. 1 • Pl 3752 6,430+05 "5,1591'!+12 1 1 1,1518•015 35 J,228• 06 59 1.261.0e 
•• e 3 ti 51! 8,230+05 7,902•i 2 1 2 1,7•2•015 315 3, ~ 158•01'! 15 0 1,191.0e 
•• 15 3 95! 1,042+015 1,1'19J•1J 1 3 1,897•11115 37 3, 156• 0 15 u ,150•015 ••• •05 1. 31:116+015 t,507•1J 1 4 1 · 9Ql8•06 J8 2,~50•015 1.11s-0e 
-.2 •1e4 1,62"+015 2,11176•13 \ 5 , ~"'2•06 39 2,610•"1'! e3 1.11'11•015 
• • OI 4 78 1,995+015 2,859•13 115 2,259•06 40 2,213·~~ 15 4 1,12J•015 
• 2 4J96 2,438+06 3.939•13 I 7 2.417•06 a 2,"'91•015 e, 1,160•015 • 4 45~2 2, 9155+015 5,437•13 16 2,491•015 1,994•015 15 6 1,131•015 
,15 46 5 J.591+015 7,531+13 19 2,551•06 43 , 9415•015 15 7 1,1"'1•015 
.8 4199 4,339•06 1.11148+14 20 2,643•06 44 1,916• 111 15 158 1, 1'!152•015 
1 0 0 •1157 5,239•06 ~-4b8+14 B 2,723•06 45 1,925• 0 6 159 ~,009•M l • 2 5p2 6,327+06 ·"''0•14 2,659• 0 6 46 1,689• 0 6 7d ,67b•07 
•• 5 31 7,652+06 2,949+14 23 2,970•06 47 1,838•11115 7 1 9.707•07 t , 15 55150 9,2715•06 4,25Pl+14 24 3, 29115•06 46 1,1591• 0 !5 72 9.614•07 
TEFF 375111, GqAVITY 5,750 LTE MIGHER Gr:IAV I TY 
TAU TE"'P PRE SSUJH ELECTRONS E"'fr:IGf '-' T FLUW 
•3 I"' 293t> 4.143•0• 1,751•11 1 1,475•07 25 2,8JJ•06 49 1,042-015 
•2.e 2937 5,619+04 2,:.>66•11 2 2,522•07 26 3.0H-06 50 1, 0 156-06 
•2,e 2969 8,084+04 ~.103+11 3 4,156•07 27 3.0 •06 
~1 
, 097e015 
•2.• 301'1J 1.101:!+05 •,205•!1 4 5,939•07 28 2,933•06 A·~t15-06 
•2,2 3068 1,49B•05 5,994•11 5 7,21A9 0 7 ;n;i 2,791•06 53 , 08·0' 
•2,0 3142 1,YQ7+05 8,593•11 b 8 0 43 •07 3" 2,766•06 54 7,430•07 
·1,8 32i6 2,632+05 1,217•12 7 9,88b•07 J 1 2,699•015 55 7, 31119•07 
• 1 , 15 32 2 3,447•05 1,71111+12 6 1,118•015 32 2,0154•015 56 8,99Je07 
•1,4 3371 4,495•05 2,39111•12 9 1, 21119•06 33 2,655•'1115 57 9.61115•07 
•t,2 3452 5,847+05 3,334+12 1 0 1,2'i•06 34 2,73)•015 58 9,?12•11H 
.. t. Ill 3537 7, 580•"5 4,l'i35•12 1 1 1,33 •015 35 2,71 •06 59 6, 26-07 
•,8 3625 9,782•05 6,421•12 12 1,42)•06 36 2,6515•0!5 ea 8,!61•07 
... 15 371 b 1,255+015 1',851+!2 1 3 1,53 •06 37 2,547•015 g1 ,. 81•07 
... 4 3 6 I Id 1,598+~6 1,,p•1J 1 4 1 0 498•015 38 2,.333•015 6,769-07 
... 2 391116 2,02A•M 1,l'i 6+1J 1 5 1, 590•0f'i J9 2,.,97•'1!!5 15J 15.891-01 
... (ll d 01116 2,53 +015 2,251+13 \ b 1,890•M 40 1,726•06 64 7,0A •07 
,2 41 Pl 7 3,~l56+0l5 3,1'1~1+13 1 7 ,111-11115 4 1 1.6tt05 15 5 7.9Pl1•07 
• 4 •212 J, 29+1!'5 4,128•13 16 2.17~•1!6 42 1,49 •015 66 7,66~•07 
• fl 4319 4,85i•06 5,581+13 19 2.19 •06 43 1,444•06 67 7,424•07 
• e 4 4 i0 5,915 +06 7,549+\3 2 ~ 2,204•06 44 1, 433•1116 156 7,11149•07 1 • QI 4546 7,321+'16 1,1'122+14 H 2,198•0!5 45 1, Hi4•1d6 15 9 6, 448•07 1, 2 46157 8,964+06 1,389+14 2,293•06 40 1,432•06 70 6,2~1-07 
1 , 4 419~ 1,096+07 1,R93+14 23 2,296•06 47 1,383•0!5 ;~ 6,232-1!7 1 , 6 4931 1,341'•1117 2,"il!6+14 ;>4 2.572•06 48 1,1'1B• 0 6 6.41117.07 
I} ' ) 
TE H J!500, GIUVITY 5,750 I.TE ~IGMER GIHVIT'f 
TAU Tf"'P pqfSSUHE EL.EC TRQl,j' E!<IERGE NT F 1. U X 
•3,0 2635 6,670•0• 1,11195•11 1 1·J1J•07 25 2,28A·"'6 •9 6,198-07 
•2,8 2670 9,4fl9•04 1,!n4•11 2 
·f • 07 26 2, 41 •ll!fl 50 6,'72•07 
•2. e 272J 1,J211!•05 2,24,•I J 3. 42•0 7 2 7 2. 522-0e 51 e,101.01 
•2,4 2792 ~,78!h05 J,349•11 4 5,~11!5•07 28 2,J63•0!5 52 7,9Al•07 
•2,2 2869 ,37i•i'5 4,987•11 5 6 • 35•'1!7 29 2,207•06 53 5,728•07 
.. 2. P! §~·~ 3,08 •05 1,2~6•1~ 6 7,279•07 l0 2 0 2AJ•ll!6 5 4 4,594•07 •t,8 
30~t, 
3,987•05 1,0! 6+1 7 a,62i-0, H 2.1•0-06 55 4,J45•07 •t,e 5.A2e~05 1,4•5•12 8 9,72 •07 2,111!9•06 56 5,537•07 
• t •• 318) 6, 54•et5 2,11121+12 9 1,032•1iH5 JJ 2 • l 1119•08 57 6,248•07 
'"l • 2 323 8 ,370•1cl5 2,814•12 u 1,'d59•06 34 2, 54•08 58 5,954•07 • , II! 3Ji4 1,066+06 3,9 1+12 H 1,'119~•06 J5 2,248•06 59 5,575•07 '"t 8 JJ 4 ,358•06 5,390•12 1,14 .. 05 36 2,~87•08 60 5. p8•07 
•• e 
~476 ~,725•06 7,4J7•12 1 J l • p-06 37 2, 87•06 ~~ 4, 90-07 ••• 5fl2 ·J88•06 1,11'22+1J 14 
·~ .. 06 38 1,1166•08 J,575•07 
•,2 36•9 2. "'•06 1,398•13 1 5 1. 58•06 Jg 1,638•08 63 3,74'd•07 
··"' 
3739 3,484•06 1,9i'l•1J 16 1,553•06 •0 l,J'114w08 e4 J,865-07 
·~ 
J8JA 4,37~•06 2,576•13 17 1,811!2•06 :~ 1,200•0~ e5 5, 0 36•07 392 5,46 •0e J,468+1J 18 1,851•06 l,062•06 66 4,853•07 
:e 4021 6,805•08 4,f'i49•1J !~ 1,850•06 43 1,014•06 e1 4,664•07 I f' 4f'd 8,4150•06 6,226+13 1,791•0!5 44 1,01ti•08 88 4,Ji4•07 t , II! • 22 1,049•07 8,329+1J u 1,730•08 45 ,'d74•06 fl 9 J.6 1.01 ,2 4327 1, 2•U•07 1,ti4•14 1·78J•0!5 •e i·ll!A7•08 70 J,559•07 
•• 4436 1, 611!5•1'!7 ~·4 3•14 23 1 738•06 41 ,liHl J• 0 !5 a J,574-07 1,e 4549 l ,!P8•1cl7 ,11!011!+14 24 , '1111!3•06 48 , 711!5•07 J,9 !5 3-07 
THF 3-e~II!. c;qAVlTY 5,750 LTE ~IGMER GRAVITY 
TAU TE "'P PRESSURE fLECTRON5 E"'fCIGENT FL UX 
.. 3. i 2J5~ !·~77•05 6,P!J8•10 1 ~,255•07 25 1,789-06 H 3,115-07 •2, 2J9 , ~'2•05 8,892+10 ,012•07 26 ,994•06 50 J,J1l•11!7 
•2,e 2 .. 8 ,20i•05 i,329+11 3 J,1P!6•lll7 27 2.~28- 0 6 H l,21 )· " 7 •2,4 25J0 J,0e +05 ,111~4•11 4 4,274•07 28 1. tl'56•06 4,94 •07 
•2,2 25 8 
··A9J•~5 3,111 9•11 5 5,271•07 29 1,681• 06 5J 3, 40!8.1"7 
.. 2, Ill 268'd 5, 3 •05 41,97!1•11 6 6,13 •07 30 ,685•0e 54 2,553•07 
.. 1 I 8 f65 7,i56•05 7,522•11 7 7,389•07 H 1,626•06 55 2,2f'i2•07 •1,e 8 50 9, 10•05 1,i18•1 8 8,J2l•07 ,59S•'d6 56 3,J69•07 
•t,4 2931 1,149•"6 1. 211'•12 9 8,665•07 33 l, 61116 .. 0!5 57 J, 17•07 
'"'l, 2 3010 l,441•kl6 2,308•12 10 tl,626•07 J• 1,839•06 58 j,489•07 
• 1."' Jr., 9 ~ 1 8111~•ei6 J,25i.11+12 1 1 8,616•07 JS 1,841 0•06 59 , 2'119•07 
•,8 3}e1:1 ,24::>+06 •,538•12 1 2 8,855 .. 07 36 1,78!·06 60 2,896•07 
•,6 3 48 2,796•06 6,298•12 13 9, 376•11!7 37 l,64 •'116 
:1 
2,121•07 
•,4 3329 J,477•06 8,f'i87+12 14 8,880•07 38 1,474•06 1,44)•07 
•,2 3•13 4,J2~•06 1,19 .. IJ 15 9,641•07 39 ~, 259•0e e3 1,5e .01 
. ·"' 3498 5,37 +iHl 1,,!3 .. 13 16 1,~48•06 40 ,71115-1117 64 ~,521•07 ,2 35~5 6,67;h'd6 2,23"'•13 t7 1, 1'14•06 :1 8,783•07 65 ,920•07 • 4 3675 8,2"i.,.06 J,P!27•13 1 8 1,545 .. 06 7,071• 0 7 66 2,787•07 
,e 3766 1,026•07 A,1119••13 19 1,526•06 4J 6,548•07 151 2,647.07 
,8 3859 1,212•07 5,517•13 2 ei 1,43~·06 •• 6,728•07 68 2,323-07 
'·~ 
3955 ,574+07 7,.~'2+13 u 1,32 •lcl6 45 7,727•07 69 1,lJJ-07 l • 4053 1,945•07 9,,t95•1J 1,J4J•00 46 7, 5"'8•07 70 ,6 0 9•07 1, 4 4p4 2,402•07 1,321•14 2J l,269•06 •1 '·!19• 0 7 
~1 ~,641•"7 1.e 4 58 2,956•07 1,752•14 2• 1,512• 06 •8 4, 11• 0 7 ,21'11•07 
TEFF Jl'llcl0, GRAVITY 5,75'd LTE MIGMEij GIHVITY 
TAU TEMP PRESSURE ELF.CTRC1NS E"'E.CIGfNT FLUX 
•3, 11! 2-,51 !·8J0+05 2,41cl7+10 ~ 1.,32-01 25 1,349•06 49 1,730•07 •2,8 21 Pl 4 ,646•05 J,7Je•10 1. 3c; .. 01 26 1,!>71•06 50 ,883-li!l7 
•2,e 2156 J,755+'115 5,QJ1+1 0 J 2,552•07 27 1,60!1•06 51 ~,2A8•07 
•2 •• 2218 !>,240•05 9,596+1"' 4 3,448•07 28 l,409•06 52 ,763•07 
.. 2 I 2 22A8 7,200+05 1,572•11 5 4, 299•t'l7 29 1, 21116•06 5J 2.p1-01 
•2, l!I 2J67 9,73!•05 2,571+11 6 4,982•07 30 1. 21113• 0 6 541 1. "A-0, 
• 1 , 8 2445 1·2Q •06 4,192•11 7 6,f8•07 H 1.149• 0 6 55 ~.1111 ·"'7 ·t,6 2555 ,685+06 7,1'10f'•11 8 6, 59 .. 01 1,116•" 6 56 ,157•07 
•1,4 2665 , 1 :54+06 1,122•12 9 ,.0e2.01 33 1,141•06 57 2,275•07 
• 1, 2 2762 2,656+0f'i 1,717•12 1 kl 6,740 .. 07 34 1,474•1Hi 58 1.933•07 
• 1 I~ 2853 3,271+06 2,533•12 1 1 6,4?.3•07 35 1,4114• 06 5':il 1,717•07 
•• 2941cl 4,01114+[!!6 J,t'i52+1~ 12 6,458•07 36 1,430• 06 15" ,.~528•07 
•• e lli!l26 4,886•06 5,18'1+12 I J 6,743•07 37 1,272•06 61 ,213·~" 
•,4 311 ~ 5,952+06 7,276+12 1 4 6,320•07 38 1,158•06 62 .2211-08 
.... 2 Jr 7,250•06 1,l'llJ•IJ 15 ,.013•"' 39 9,597•07 !'!J 5,722•1,H! •,0 j u 8,8J7+r.,6 1,40J•IJ 16 9,578•07 •0 1.211 .. 01 6• 5,349-08 I 2 1,079+07 1,QJ3+13 17 1,2;0-06 4 1 6,392 .. '117 !!5 1,472-07 
,4 3458 1. 321cl•07 2,6t>lil+1l 1 8 1.2 t"6 42 4,~1.3•07 !56 1, 386•el7 
,6 3548 1,617•07 J,!541•1J 19 1,22 -0e •J J,025•'117 fl7 1. 294 .. 07 
,8 3640 1,i80+07 4,952•13 20 i·uJ·li!l6 44 J,tsJ5•07 !58 !·01)•07 
\ t 0 3733 .•22•07 6,6g5+13 :? 1 , 4•07 45 5,S lll 3•07 !!9 ,81 •08 
1, 2 l82ts 2,9150•07 9,'11\15+13 22 9,49l•07 46 5,J29•07 '0 4,892•08 
1. 4 39?~ 3-. 6 17+07 1,205+14 23 8 I 6\ll5•~7 A7 5,~ '11 9•07 H 4,918•08 1 • e 4025 .,.19+07 1,1105+1'1 24 l , 0 75• 0 11 •8 2,744- ~7 1,028•07 
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Table 1 also presents emergent fluxes for the models, longward o f 
5500 ~. where the opacities are known with some confidence. Colors, 
s trengths and bolometric corrections may be deri ve d from these data. 
emergent fluxes are Hv (ergs cm- 2 s- 1 Hz- 1 ) and integrate to OT ~/4n. 
e 
freque ncy grid is given in Table 2. 
1 850 
2 1150 
3 1550 
4 1950 
5 2150 
6 2350 
7 2550 
8 2750 
9 2950 
10 3150 
11 3350 
12 3550 
13 3750 
14 3950 
15 4050 
16 4150 
17 4250 
18 43 50 
TABLE 2 
TABULATED FREQUENCIES (cm- 1 ) 
19 4450 37 8450 
20 4650 38 9450 
21 4850 39 10450 
22 5050 40 12050 
23 5350 41 1 2 520 
24 5550 42 12801 
25 5750 43 12980 
26 5950 44 13170 
27 6091 45 13185 
28 6450 46 13333 
29 6750 47 13520 
30 6950 48 13840 
31 7150 49 14000 
32 7350 50 14085 
33 7450 51 14170 
34 7550 52 14215 
35 7650 53 14400 
36 7950 54 14530 
IV. DISCUSSION 
(a) Ban d Stre ngths 
55 14641 
56 14860 
57 15060 
58 15291 
59 15500 
60 15740 
61 15980 
62 16050 
63 16141 
64 16235 
65 15250 
66 16375 
67 16500 
68 16640 
69 16812 
70 16945 
71 17100 
72 17115 
band 
The 
The 
The variation of the strengths of bands of TiO, CaH and H20 with 
decreasing temperature is depicted in Figure 4. Identification of the elec-
t r onic band s can be established from Figur e 5. The most striking feature is 
the marked s tre ngthening of all these bands with decreasing temperature. 
Compari son o f the tabulated fluxes of the present models may be made with 
observatio s o f the near infrared band strengths in M dwarfs published by 
seve r a l a u t hors (e.g. Jones 1973; Spinrad 1973; Eggen 1968 and Wing 1967). 
In Pap er I II observat i ons by the author of the strengths of TiO and CaH bands 
FIG. 4. - Emergent fluxes of the models of solar composition. 
In this and other energy distributions the zero of the magnitude 
scale has been arbitrarily set, and the curves have been labell-
ed with the code of Table 3. The dashed curves are from black-
body radiators of equai total flux. 
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FIG. 5 . - The emergent fluxes of the 3750 Kand 3250 K models 
compared with broadband photometry (+) and scans (X) of Yale 
4794 (above) and Yale 3501 (below). The half-power bandpasses 
of the broadband filters are shown, together with the identity 
of the TiO (y flV) and CaH (A-X) bands. Where the broadband 
fluxes of the models disagree with the observations they are 
shown as dots. 
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are presented and compared in detail with the predictions of these model 
atmospheres. One conclusion of that comparison is that, while general agree-
ment is good, the rise of the TiO bands may be slightly too fast. This 
effect suggests saturation problems in the band model of §II. 
The variation of band strengths with metal abundance is of particul-
ar interest. Molecular bands can provide at low spectral resolution otherwise 
unobtainable information on the composition of faint M subdwarfs. Figures 6 
and 7 show the rapid weakening of the TiO bands in metal deficient models. 
Deduction of the metal abundance of halo M dwarfs from TiO band strengths is 
discussed in detail in Paper III. 
Turning to CaH, the ~-X band weakens markedly with metal abundance 
at 3750 K (Figure 6) but not at 3250 K (Figure 7). This behaviour can be 
related to the ratio n(CaH)/n(H-), which is abundance dependent when Ca is 
mainly ionized, but abundance independent when Ca is neutral. This transi-
tion occurs close to 3500 K. The sensitivity of the CaH band strength to 
gravity is shown in Figure 8. The ratio n(CaH)/n(H-) seems to be approximate-
ly proportional to the gas pressure between 3000 Kand 4000 K. Accordingly, 
CaH bands are absent in giants. A lower gravity for cool young disk M 
dwarfs is suggested by observations discussed in Paper III. 
In general, the behaviour of band strength with abundance can be 
estimated f+om the molecular number density relative to that of H however, 
for many molecules a careful calculation of the equation of state is required 
to determiae this ratio, as simple proportionality arguments are inadequate. 
An illustration of the problem is provided by the TiO band strength of a 
model at 3500 K with weak metals but solar carbon and oxygen abundance. A 
model of this idealised composition shows a decrease in TiO band strength 
contrary to the proportionality arguments given earlier for CaH. Examination 
of the equation of state shows that in the struggle for oxygen between CO, 
H20, OH, SiO and TiO, formation of H20 is favoured at the higher pressure of 
this more ~ransparent atmosphere. 
FIG. 6 . - Emergent fluxes of models of decreasing metal abund-
ance at 3750 K. Rapid weakentng of the TiO bands is evident; 
there i s also some weakening of the CaH and HzO. 
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FIG. 7. - Emergent fluxes of models of decreasing metal abund-
ance at 3250 K. The CaH band does not decrease in strength at 
this temperature. The effect of H2 dipole opacity is visible 
in the M/100 model. 
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FIG. 8 . - The upper two models at 3500 K show the effects of 
oxygen richness in a metal deficient star (the composition of 
Ml5 found by Peimbert 1973). The lower two models at 3250 K 
show the effects of increasing gravity. The CaH band is stronger 
in the higher gravity model. 
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The strong influence of the 0/C ratio on TiO band strength can be 
seen in F i gure 8. The oxygen abundance of halo stars is of intrinsic inter-
est , but i s an elusive quantity, owi ng to a sparsity of spectral features 
for analysis a nd the delicacy of the C,O balance in late-type stars. Recent 
evidence, however, suggests a relative overabundance of oxygen in individual 
metal def i cient objects (Mount et al . 1975; Sneden 1974; Peimbert 1973). 
Sneden has found metal deficient dwarfs to have zero [C/Fe]. Models of 
this composition have been included in the present grid. 
Turning to the H20 bands in Figures 6 and 7, we notice a rather 
s l ow weakening of the bands with decreasing metal abundance . Figure 8 , how-
ever , shows the striking sens i tivity of these bands to the 0/C ratio. Almost 
incidentally , Figure 8 also shows the marked effect on the near infrared 
continuum of the backwarming produced by these bands. Clearly, an observa-
tional check on the strength of the H20 bands in M dwarfs is of great import-
ance . However , in contrast to the situation with the near-infrared bands 
of TiO, few observations of water vapor bands are available. Direct observ-
ation of t he bands requires ballnon borne spectrophotometry similar to the 
p i oneering work of Woolf et al . (1964). Ground based observations on the 
fringe of the 2µ window have been carried out by Baldwin et al . (1973). 
The bandwi dth of their 2 .1µ and 2.2µ filters is sufficiently narrow to permit 
interpolation of the models at the effective wavelengths (approximated by 
4750 and 4550 cm- 1 ). Figure 9 shows the [2.1] - [2.2] H20 index calculated 
from Tabl 1 , and its dependence on metal abundance and gravity. A zero 
point correction of +0.075 mag is drawn from the a Lyr model of Schild et al . 
(1971) . There is good qualitative correspondence of the index with the 
n(H20)/n(H-) ratio. 
Unfor t unately, only a f ew M dwarfs have been obse rved by Baldwin 
et al . and only V-K and spectral types are quoted as temperature measures . 
However, t he R-I photometry o f Eggen (1968 , 1973) permits temperatures to be 
FIG. 9. - The H20 index of Baldwin et ai. (1973) calculated 
from the models. The models are identified with the code of 
Table 4. +, OD; X, M/10; 6, G575; •, M/5 OC 2. The four 
dwarfs measured in this temperature range are shown together 
with 10 error bars. 
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ascribed from the old disk (R-I,T) relation of §IV(b). The five stars in 
e 
the temperature range of the models are s hown in Figure 9 with l o e rror 
bars. Unless three of the stars have 0/C ratios l ess than the solar valu e , 
Figure 9 suggests that the H20 band strengths may be overestimated in the 
models. CO absorption measured by the [2.2] - [2. 3 ] inde x of Baldwin et al . 
is very weak in M dwarfs and has been neglected in the present models. 
In summarizing the relation between band strengths and composition 
suggested by the models, we stress the dependence of the TiO and H20 band 
strengths on the 0/C ratio. The models suggest that TiO should be a sensi-
tive indicator of the metal abundance of M subdwarfs, i f the 0/C ra tio in 
the halo i s solar. However, independent determination of the metal abund-
ance (for instance from atomic lines) would allow 0-C in the halo to be 
estimated from TiO band strengths. A more sensitive , but observationally 
harder, approach to the same problem is the measurement of the strength of 
water vapor bands in M subdwarfs. 
(b) Broadband Colors 
The emergent fluxes from model atmospheres are best compared with 
photoelectric scans or narrow band photometry. In the absence of such data 
in the infrared we have computed broadband colors for the RK,IK,J,H,K,L 
bandpasses. The relative flux calibration required to zero-point these 
colors is fully discussed in an appendix. Table 3 presents these colors 
together with identifying parameters and a model code . Comparison of the 
colors may be made with the observations of Glass (1974b), Veeder (1974), 
Eggen (see references, Paper III) and the early infrare d work of J ohnson 
(1965a). The calculated and observed colors are in reasonable agreeme nt. 
Figure 5 compares two models with Yale 4794 and Yale 3501 
(R-I = 0.73 and 1.05). The infrared colors of these stars are reported in 
Paper IV and converted to relative fluxes using the adopted calibration . 
The scanner results of Paper III have been included, normalised to the broad-
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Table 3 . Broadband Color s 
T log g [M/H] R-I I-J J-H H-K K-L Code 
e 
4250 4.75 .o .525 1.035 .745 .11 .10 
4000 " " .635 1.09 .75 .13 .16 
3750 " " .755 1.145 .705 .145 .235 OD 
3500 " " .90 . 1.205 .66 .135 .315 
3250 " " 1.055 1. 285 .63 .155 .395 
3000 " " 1.25 1. 355 .625 .175 .47 
4000 4.75 -.7 .575 1.055 .665 .17 .205 
3750 " n .67 1.12 .655 .18 .27 
3500 " " .78 1. 20 .66 .175 .33 M/5 
3250 " " .93 1.28 .66 .18 .395 
3000 " " 1.14 1. 35 .65 .17 .48 
4000 4.75 -1.0 .57 1.045 .645 .185 .22 
3750 " " .655 1.115 .645 .185 .275 
3500 " " .755 1. 20 .66 .185 .335 M/10 
3250 " " .885 1. 28 .66 .185 .405 
3000 " " 1.085 1. 35 .63 .165 .51 
3750 4.75 -2.0 .63 1.115 .61 .20 .305 
3500 " " • 715 1.19 .585 .195 .40 M/100 
3250 " " .805 1.245 .495 .17 .55 
3000 " " .92 1. 25 .33 .12 .79 
3750 4.75 -.7 .68 1.085 .595 .105 .285 M/5 
3500 " " .785 1.135 .555 .12 .36 OC2 
3750 " -2 ~0 .61 1.015 .46 .115 . 37 M/100 
3500 " " .685 1.04 .42 .115 .415 OClO 
4250 5.75 .0 .535 .975 .615 .15 .17 
4000 " " .62 1.035 .615 .17 .22 
3750 " " .73 1.105 .62 .16 .275 G575 
3500 " " .87 1.185 .62 .16 .33 
3250 " " 1.06 1. 275 .62 .155 .395 
3000 " " 1.24 1. 35 .615 .14 .465 
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band photometry at 7500 R. Models of 3750 Kand 3250 K effective tempera-
ture are s hown with broadband fluxes at J (F in equation 9 of the appendix) VJ 
normalised to the observed fluxes at J. The 3750 K model appears to be 
quite a good fit to Yale 4794, although the model has excess flux between 
7500 Rand 9000 R (1.1 < 1/A < 1.33) and at Hand L. These excesses are 
between .05 and .1 magnitude. The 3250 K model is too hot to f it the 
observed near infrared continuum of Yale 3501; a 3000 K mode l, however, is 
considerably too cool. Similar flux excesses at 1/A - 1.2 and at L also 
seem probable in a model which will fit Yale 3501. The first discrepancy 
suggests that the assumption of §II that there is no differential line 
blanketing between 7500 Rand lµ is wrong. Possibly direct interpolation of 
Allen's (1968) tables between 5000 ~ and lµ would be a better approximation 
than this assumption. The second discrepancy, at L, may be due in part to 
problems with the calibration of the photometry. A flux deficiency of .1 
magnitude i n the cooler model at K is not greatly reduced in a 3000 K model 
and may b e due to excessive blanketing by H20. Such discrepancies suggest 
that direct use of a color drawn from Table 3 as an effective temperature 
calibration, for instance, is unwise. A better procedure may be found in 
Paper IV, whereby a model is fitted to the star's energy distribution using 
the combined theorettcal colors. 
For a discussion of the theoretical colors we form the two-color 
diagrams, (R-I, I-J) and (J-H, K-L). The abscissae of these diagrams have 
been chosen to be colors showing a relatively unadulterated temperature 
dependence. Both colors, however, present observational difficulties, 
since I and J cannot be measured simultaneously and photometry at L suffers 
from unacceptably large random (and possibly systematic) errors . Figure 10 
shows the theoretical (R-I, I-J) diagram. The lack of line blanketing in 
the I and J bandpasses accounts for the quality of I-J as a temperature 
index largely independent of composition. The steepness of the old disk 
FIG. 10. - The theoretical (R-I, I-J) diagram obtained from the 
models . The key is that of Figure 9 with the addition of a black-
body line, marked 'BB'. 
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relation of Figure 10 relative to the blackbody curve is due to the forma-
tion of T "O bands in the R bandpass. Observational evidence that at constant 
temperature metal deficient stars are bluer in R-I by up to .15 magnitudes 
due to the weakening o f these bands is reported in Paper III. 
Turning to the {J-H, K- L) diagram of Figure 11, we may distinguish 
three opacity effects which control the infrared colors {with the exception 
of the J bandpass). Briefly the three important opacities are: 
(i) H , wi th its minimum separating the bound-free and free-free components 
at 1.6µ, (ii ) H20 blanketing, and (iii) bands of the pressure induced dipole 
of molecul ar hydrogen . The first two opacities are responsible for the 
remarkable decrease in J - H with decreasing temperature in models of solar 
composition . Using emergent fluxes of the models of Paper I, Glass (1974b) 
has shown that this trend is in agreement with observations. These three 
opacity effects and their bearing on the (J- H, K-L) diagram are individually 
discussed below. 
F i rstly, in the hotter models (4250 - 3750 K) the fact that the H 
opacity minimum falls in the H bandpass enables us, when comparing the 
relative fluxes at J and H, to observe the temperature at two different 
levels in the atmosphere. The difference in continuum temperatures 
observed a t 1.25µ and 1 . 65µ in the J - H color means that J-H is effectively 
a measure of the temperature gradient in the region 0.5 < T < 2. This 
temperature gradient is eroded with decreasing effective temperature on 
account of the steady decrease of the adiabatic gradient with increasing 
association of hydrogen to H2 • For this reason, the higher atmospheric 
pressure of a higher gravity or lower metal abundance model also produces a 
lower temperature gradient and consequent decrease in J-H. The turnover in 
J-H around 4000 Kon the main sequence is thus one of the {few) measureablc 
consequences of convection in stellar atmospheres (see also Bohm-Vitense 
and Cant erna 1974) . Convection is dominant in fixing the temperature 
FIG. 11. - The theoretical (J-H, K-L) diagram obtained from the 
models. The key is that of Figure 10 with the addition of M/100 
models (a). 
) 
64 
J-H 
·8 
·6 
+-+~ 
+........__ • 
"+x x~ )(-- ~+ + 
:-.. • .. .. .1" 
A A a 
. I 
B 
I • 
B 
I 
B 
I 
B K-L 
·2 
65 
structure of dwarfs, but has little effect in giants above L = 1-5 
(Alexander and Johnson 1972). Hence the turnover in J-H is observed exclu-
sively i n dwarfs (Lee 1970; Glass 1974b). The validity of this explanation* 
of the theoretical colors was tested by scaling the T(P) relation for the 
4250 K model by 3250/4250 to allow comparison with the regular 3250 K model. 
The steeper temperature gradient of the scaled structure yielded a J-H of 
.72 (cf . . 63 in Table 3). The dependence of J-H on temperature gradient 
suggested that possibly J-H might decrease if the mixing length parameter 
were increased. Accordingly, two models were calculated of 4000 Kand 3250 
K effective temperature with a mixing length parameter of two. In the 4000 
K model~ changed from 364 K to 308 K for~ log L = 0.4 (at T = 1); J-H 
changed from 0.75 to 0.71. However, in the 3250 K model only a 10 K change 
in ~Twas found, resulting in a negligible change in J-H. The J-H color of 
the hotter models thus shows some sensitivity to the treatment of convection, 
contrary to the conclusion of Paper I. That conclusion was based upon only 
one model of 3500 K effective temperature. Although the sensitivity to the 
mixing length parameter is not great, it is possible that this effect may 
provide some interface with observations for more realistic theories of 
convection in stellar atmospheres. 
The second opacity in the infrared, H20, has an important blanket-
ing effect on the cooler models (3500 K to 3000 K) in the H,K and L band-
passes , in spite of the fact that these are windows for terrestrial water 
vapor. F i gure 2 of Ferriso et al. (1966) (see also Auman 1967) shows 
graphical l y the strength of the hot water vapor opacity between the cold 
terrestrial maxima. The H20 opacity decreases with decreasing wavelength 
leaving that portion of the J filter which is not blocked by terrestrial 
water vapor (A< 1.32µ) reasonably free of blanketing in models above 3000 K. 
* 
The importance of convection in determining the J-H colors of dwarfs has 
been foreshadowed in a recent discussion by Bell et al. (1975), received 
after this paper had been prepared. 
FIG. 12. - Continuous opacities of the 3500 K OD and M/100 
models. The dominant opacity is the bound-free and free-free 
continuum of H; H2 and He free-free are also important. 
The opacity of the H2 dipole has a great effect in the infra-
red region of the M/100 model. H2 , Hand the rayleigh scatt-
ering and the bound-free+ free-free continua of CI, Al I, 
Si I and Mg I are also shown. 
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The cooler models of solar composition therefore become bluer in J-H with 
decreasing temperature on account of the increasing blanketing of the H 
bandpass by water vapor. As the water vapor bands dec rease slightly in 
strength with decreasing metal abundance (Figure 9 ), J-H is correspondingly 
redder in the cool metal deficient models of Figure 11. The sensitivity of 
H20 bands to the 0/C ratio was stressed earlier. Figure 11 shows that the 
strong dependence of J-H on the 0/C ratio may permit identification of halo 
stars with a relative overabundance of oxygen even from broadband photometry. 
Finally, a radical change in the infrared spectrum of the cooles t 
models (Figure 7) occurs with the emergence of the pressure induced dipole 
opacity of H2 in the high pressure atmospheres of the M/100 models. Figure 
12 shows the peaks of the rotation-translational and vibration-rotation-
translational bands of the (H 2 - H2 ) and (H 2 - He) d i mers at - 1500 cm- 1 and 
4000 cm- 1 • The expression for this opac ity is drawn from Linsky (19 69). 
The double and overtone bands which have an intensity 1.5% of that of the 
fundamental are neglected. Neglect of pressure dissoc iation o f H2 and H 
in these dense atmospheres may be justified from the analysis of Grossman 
(1969). The models therefore suggest that cool subdwarfs with [M/ H] - - 2 
should be readily distinguished by deficiencies in the Hand K bandpas ses. 
V. CONCLUSIONS 
In this paper we have presented a grid of M dwarf model atmospheres 
covering the temperature range 4250 K to 3000 K with variations in compos i-
tion and gravity. Observational quantities found to be most sensitive to 
the atmospheric parameters of M dwarfs may now be briefly summarised. 
1) The near infrared continuum between 7500 ~ and 1.2µ seems to offer 
the purest single temperature index . 
2) The red TiO bands and through them the color R-I show a marked 
dependence on metal abundance. 
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3) H20 bands and TiO bands analysed together with the atomic line 
spectra in an unblended region promise further evidence on the oxygen abund-
ance of halo stars. 
4) The A-X band of CaH at 6900 ~ is sensitive to gravity. 
5) The turnover in J-H as a function of decreasing temperature, pre-
dicted by these models and observed exclusively in dwarfs, is an important 
result for the theory of convection in stellar atmospheres. 
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APPENDIX 
A RELATIVE FLUX CALIBRATION 
The measurement of broadband colors from the relative absolute fluxes 
of stars (whether by photometry or by numerical integration) may be 
represented by a relation: 
(8) 
where F =!FR av;! R av VX V VX VX (9) 
RVX is the response function of the photometer for the X magnitude, and Fv 
is the stellar flux. No scaling factor or "color term" very differe nt from 
unity should be required in equation (8), provided that the respon se func-
tion is an accurate representation of that used to establish the photometric 
system, and that the colors have been properly corrected to those that would 
be observed outside the earth's atmosphere.* The adopted extinction correc-
tion to the U-8 color is inadequate in this respect (Matthews and Sandage 
1963). This may also be true of the infrared colors (Jones 1969). This 
matter will be further discussed elsewhere. 
To obtain colors from fluxes and vice- versa, we need to know the 
relative absolute fluxes and colors of one star. The constant (X-Y) in 
0 
equation (8) may then be determined in a relative flux calibration. Short-
ward of 1.1µ the fluxes of a Lyr have been measured by Hayes and Latham 
(1975). The model of Schild et al. (1971) is a good fit to these fluxes to 
within 2% in the visual and near infrared. In the absence of r e lative 
absolute observations beyond 1.1µ, we may obtain a relative flux calibration 
* 
In a recent paper Bell et al. (1975) include the atmospheric transmission 
in the overall response of the photometer. At first sight this procedure 
is hard to justify as the photometry is itself corrected for atmospheric 
extinction. Inclusion of the atmospheric transmission would, however, be 
justified if the atmospheric extinction were due t o fully s aturated 
terrestrial bands. 
70 
by assuming that this agreement holds in the infrared region also. Resul ts 
of this ca l culation for Kron ' s R,I system and Johnson's J,K,L system are 
given in Table 4 . Response functions we re take n fro m Kron and Smith (19 51) 
and Johnson (1965c), colors of Cl Lyr from Kron et a l. (19 5 7) and J ohn s on 
et a l. (1966). The response function for the H band (Ae ff = 1. 65µ ) was 
estimated by multiplying the filter trans mi s sion by t h e r e sponse o f a PbS 
photoconductor at 77 K. An H magnitude was obtained us ing an i nte rpolati on 
formula (Glass 1974a). Wilson et al. (1 9 72) have also pe rfo rme d such a 
flux calibration, and their results are also shown i n Table 4 af te r corre c-
tion for Johnson's values of a Lyr. Th e agreement is exact except for a 
difference of .03 in the H magnitude. 
TABLE 4 
RELATIVE FLUX CALIBRATION 
(X-Y) (X-Y) 0 
G Wilson G 
Color a Lyr dwarfs (l Lyr et al. dwarf s Adopte d 
R-I -.09 .205 .15 .105 . 1 2 
I-J .22 . 655 .63 .69 .66 
J-H .00 .29 .sos .475 .44 .475 
H-K .00 .065 . 465 .495 .so .495 
K-L .04 . llS .905 .90 5 .95 . 91 
A star whose relative absolute fluxes are known in the infrared i s 
the Sun (Labs and Neckel 1970). However, direct meas ureme nt of the s o lar 
colors presents great difficultie s . Johnson (1965b) has obtaine d a flux 
calibration by calculating the colors o f a typ i cal G2V s tar. Using J o hnson' s 
data, we obtain the colors shown in Table 4 with a standard devia tion of 
. 05 magnitude (.1 magnitude at L). Egge n's (197 3 ) tran s format ion h a s b een 
us ed b e tween the R, I systems of Johnson and Kron . Inte grating Allen ' s 
(1973) smoothed fluxes for the mean solar disk, we obtain a s econ d fl ux 
calibration in agree ment with the fir s t to .OS mag ni t ude. An adopted c al-
ibration is also shown in Table 4. Greater weight has been given to the 
calibration based on a Lyr except in the I magnitude, where Paschen line 
blanketing is of importance. 
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Thomas et al . (1973) have applied a flux calibration based on a Lyr 
to the solar fluxes to calculate the solar colors. Assuming that a Cen A 
(G2V) has the same colors, they make this star the primary standard of their 
1 to 10~ photometry. A liquid He coole d bolometer is used in this photo-
metry, and the response functions are somewhat different from the Johnson 
system. We do not compare their flux calibration with the present one , but 
anticipate transformations between the two systems. 
Finally, it is emphasised that relative absolute measurements of the 
fluxes of a Lyr (or indeed any star whose colors can be accurately deter-
mined) are needed in the infrared. The infrared flux calibration could 
then be set on a sound empirical basis. Measurements of the colors of 
a Cen A would also be useful for comparison with calculated solar colors. 
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CHAPTER 3 
M DWARFS: BAND STRENGTHS IN HALO AND DISK POPULATIONS 
J. R. Mould 
ABSTRACT 
Scanner measurements of TiO and CaH bands are interpreted using 
model atmospheres to yield information on the abundance and gravity of 
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M dwarfs of different kinematic populations. If the 0/C ratio is solar 
in the halo, a number of M subdwarfs in the present study are metal 
deficient by only 0.5 to 1.0 dex. In the redder young disk stars weaker 
CaH suggests a gravity lower than that on the old disk main sequence. 
Blanketing by TiO is shown to give a marked abundance dependence to R-I 
in M dwarfs. 
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I. INTRODUCTION 
The separation of the lower main sequence into three kinematic pop-
ulations has been reviewed by Eggen (1976). In this paper photometry of 
the A2 TI - X2 E band of CaH and y system of TiO is presented, together with 
a discussion based on model atmosphere calculations, to investigate the 
gravity and abundance of the three separate main sequences for M dwarfs, 
distinguished by Eggen (1969, 1973) and populated by young disk, old disk 
and halo stars. Eggen has suggested that the redder young disk stars are 
in the late stages of pre-main-sequence contraction, and that the sequence 
of unevolved halo stars one magnitude below the old disk main sequence is 
metal deficient by a factor near 100. A study of molecular band strengths 
is one of the few ways of bringing these faint stars under spectroscopic 
scrutiny. 
From two recent calibrations, information on the luminosity and 
abundance of late type stars has been obtained by narrow band photometry of 
molecular band strengths . The DDO system described by Janes and McClure 
(1975) uses the strength of the blue system of CN as an abundance indicator. 
Helfer and Jennens (1975) have carried out a luminosity calibration of the 
MgH band (plus Mg b lines) at 5200 i for G and K stars. The choice of CaH 
and TiO bands for a study of M dwarfs arose from the use by Jones (1973) of 
CaH as a dwarf/giant discriminator and his observation that the subdwarf 
Kapteyn's star has a high CaH/TiO ratio. In addition Greenstein and Eggen 
(1966) have characterised sdM stars as having strong metallic hydrides and 
weak TiO. 
II. OBSERVATIONS 
For thi s program, carried out between 1974 January and 1975 July at 
Mt Stromlo Observatory, dwarf stars with .5 < R-IK < 1.3 were selected with 
emphasis on the rarer halo and young disk populations. The red limit was 
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adopted to avoid excessive TiO blanketing and saturation effects. Halo 
stars were chosen from two sources. Kinematic halo stars whose trigonometric 
parallaxes place them more than one magnitude below the old disk main 
sequence have been discussed by Eggen (1973). With the exception of Yale 
3606 all stars in Eggen's table 2 south of declination +10° have been 
observed. Other kinematic halo stars without parallaxes have been identif-
ied by Rodgers and Eggen (1974}. A nuI!lber of these stars brighter than 
V = 14 has also been included in this study. Young disk stars are from 
Eggen (1969, 1976} with two additional stars (see Notes to Table 2). 
Scanner observations were made at seven wavelengths between 6540 ~ and 8130 
R. These wavelengths together with the chief spectral features inside the 
30 R bandpass are listed in Table 1. 
6540 
6830 
7035 
7100 
7500 
7812 
8130 
TABLE 1 
SPECTRAL FEATURES IN THE SCANNER BANDPASSES 
Feature 
continuum 
CaH A, 6v = 0 (Q} 
(continuum) 
TiO y, 6v = 0 
continuum 
TiO y, 6v = -1 
continuum 
Contaminants 
wk TiO, Ha in stds 
wk TiO 
CaH A, 6v = 0 (P) 
wk atm H20 
wk atm H20 
Mean 
Extinction 
.09 
.07 
.055 
.04 
.03 
.02 
.06 
For most of the observations a cooled RCA 31034 A photomultiplier 
with Ga/As cathode was used with the Cassegrain scanner on the 1.25-m tele-
scope. Until 1974 December, when a rotating chopper was installed, sky 
subtraction was achieved by sky measurements after every star. Only on a 
few poor quality nights was the second, broadband monitor channel used to 
normalise for transparency changes. A number of the fainter stars were 
observed using the multi channel scanner described by Rodgers e t al. ( 1974} 
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on the 1.9-m telescope. The channel format of this instrument required some 
changes in the wavelengths observed, and reduction to the original system 
was made using linear relations between the measured band strengths deduced 
from common stars. 
The standards of Hayes (1967) and the Mt Hopkins absolute calibration 
(Hayes et al . 1975) were used to reduce the scanner magnitudes to an F 
V 
scale . As .A6540 lies in the wings of Ha, A6503 was also measured for some 
standard£ . Extinction was measured whenever possible and mean extinction 
coeffici nts are shown in Table 1. A8130 proved a difficult wavelength as 
regards extinction , and the continuum gradient has been defined without 
reference to it. The band strengths D(A) were calculated as depressions in 
magnitudes from continuum points interpolated between AA6540, 7500 and 8130. 
The agreement between two successive scans was used to weight observations 
on different nights. For 58 stars the continuum gradient m(6540) - m(7500), 
band strengths, number of observations and R-I photometry of Eggen are listed 
i n Table 2 against the Yale parallax catalogue or LFT catalogue number 
(Jenkins 1963; Luyten 1955). 
III. MODELS 
The narrow band systems mentioned in §I have both been calibrated 
against abundance "standards" from high dispersion spectroscopy. The 
absence of any such analysis for M dwarfs necessitates an attempt at a 
theoretical calibration. A previous paper (Mould 1975, Paper I) presented 
a sequence of preliminary model atmospheres for M dwarfs. A treatment of 
atomi~ l i ne blanketing has been incorporated in the current models to remedy 
the main shortcoming of the earlier models. A second problem, the disagree-
ment in iO opacity minima between the smeared line model and the full 
line-by- l ine calculation has been resolved by adopting the opacities of 
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NOTES TO TABLE 2 
R-I is from Eggen (1971a, 1971.b, 1973, 1975, 1976); Rodgers and 
Eggen (1974). 
Colons indicate results with .01 < p.e. < .025; unmarked results 
have p.e. < .01. 
Space motions for the following stars are from new radial velocity 
determinations by the author: 
y 2512 -65,-84,-32 RV: 54 ± 3 km/s 
y 3296 -6, 5, 21 RV: 9 ± 2 " 
y 3783.1 27,-13, 24 RV: 30 ± 6 " 
y 3958 -20, -4 ,-19. RV: -16 ± 1 " 
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TABLE 2 
OBSERVED BAND STRENGTHS 
Gradient D D D # Name (6830) (7100) (7812) R-I Population Obs 
LFT 66 . 34 .125 .045 3 .635 Halo 
y 392 .41 .295 .14 5 .045 2 .685 OD 
y 422 .40 .22 . 08 .015 4 .685 Halo 
y 754 .29 .15 .07 .015 1 . 525 OD 
y 757 .58 .655: . 27: .1 05: 6 .855 Halo 
y 1121 .53 . 37: .135 : 5 . 735 Halo 
y 1181 .5 1 .40 .145 .025 3 . 77 Halo 
y 1430 .59 .42 .23 .095 3 .82 OD 
y 1641 . 1 '.90 .705 . 51 .225 2 1.13 OD 
LFT 526 .37 .175: .Ol: 2 .62 Halo 
y 1809B .38 .15 .045 1 .59 OD 
y 2267 .79 .62 .445: .22 2 l.045 OD 
y 2299.1 .88 .69 .50 .235 3 1.06 OD 
Vyss 569 .66 . 485 .315 .125 2 .92 OD 
y 2420 .83 . 69 .505: 2 l.12 YD 
y 2456 .70 .545 .37 .145 2 .955 YD 
y 2512 .54 .345 .195 .06 3 .775 OD* 
y 2524 l.08 .76 .625 .355 2 1. 255 OD 
LFT 775 .43 .145 -.04: 3 .665 Halo 
y 2654 .29 .10 .025: .015 2 .525 OD 
y 2951 .40 .23: .12 2 .65 5 OD 
y 3135 .57 .44 .31 l .86 OD 
LFT 1086 .40 .19: .02 4 . 67 Halo 
y 3252 . 78 . 715 .465: 3 1.05 Ha lo 
y 3296 l.08 . 71 .695 .355 3 1.295 YD* 
y 3375B .62 .48 .29 . 14 3 .885 OD 
y 3458 .80 .64 .475 2 1.08 YD 
y 3501 . 81: .57 . 455 2 1.05 OD 
y 3547 .86 .735 . 535 3 l.14 OD 
y 3607 .57: .425 . 255: 3 .86 Halo 
y 3746 . 97 . 73 .61 .29 2 l.20 YD 
y 3783.1 .76 .675 .505 .19 4 1.08 OD* 
y 3844 .92 .76 .60 3 1.205 OD 
y 3845 .80 .66 .495 .22 2 l.08 OD 
y 3924C .65 . 56 . 315 2 .96 OD 
y 3955 .35 .17 .075 .01 2 .60 OD 
y 3958 .75 .635 .42 2 l.03 YD* 
y 4098 .93 .855 .615 .265 2 1.26 Halo 
y 4133 .55 .44 .245 2 .865 OD 
y 4266 .28 .105 .02 -.Ol 3 .52 OD 
LFT 1419 . 39 .125: -.01 4 .585 Halo 
LFT 1427 .39 .145 .015 .00 3 .64 Hal o 
y 4338 .90 .825 .60 .245 2 1. 30 OD 
y 4398 .49 .345 . 21 .05 3 .765 OD 
y 4781.3 .28 . ll .05 .00 3 .55 OD 
y 4794 .44 .295 .1 4 .04 4 .73 YD 
Y 4924 .34 .145 .05 .015 2 .61 OD 
LFT 1597 .56 .435: . 29: .085 3 .845 Halo 
y 5084 .55 .46 .25 .075 4 .855 Hal o 
y 5117 .38 .265 .135 .025 4 .69 OD 
y 5190 .65 .52 .345 1 .93 YD 
Y 5243 .30 .15 .06 -.025 2 .58 OD 
y 5358 .R6: .64 . 535 .25 2 1.09 YD 
y 5546 1.04 .715 .655 2 1. 22 YD 
y 5572 .32 .19 .06 .00 1 .62 OD 
Y 5741.lA .32 .08 .015 .02 2 .55 Halo 
Y 5741. lB . 31: .145 : .06 : 3 .595 Halo 
Y 5763 .60 . 43 .305 . 865 OD 
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Collins (1974) in these minimum regions. As Coll i ns doe s not treat they • 
system, his opacity minimum at 14400 c m-1 for the s imilar y syste m has b ee n 
doubled and applied between the 6v = 0 and 6 v = ±1 band s o f t he y • system. 
CaH is an additional opacity included i n the p r e sent mo d e l s . Th e s me are d 
line model of Golden (1967) omits the Q branch b andhead s (- 6900 - 6950 ~) 
which are strongest in this system, in favor of t he we ak P bran c h h e ads 
(- 7000 - 7050 ~). This has been reve rsed in the present tre atme n t , and the 
Q bandheads have been assumed to coincide with the b and o rigins . The new 
scheme for the calculation of opacity d i stributio n f unctions i s fu lly di s -
cussed in Mould (1976). 
Computed monochromatic fluxes at the wavele ngths of Table 1 we re 
found to be a good approximation to the average fluxes over the 30 ~ 
observed bandpass. D(A)'s were then calculated for t h e mode ls e xac tly a s 
for the observations. Paper I has describe d the p r ocedure for f itting t he 
zero point of the TiO band strength b y adjusting the f value of they 
e 
system to obtain agreement with a scan of the star YY Gem for whi c h an 
effective temperature is available (Johnson 1966) . Th e f value o f the CaH 
e 
band was set by similar means. R,I magnitudes we r e c al c ulated f o r the 
models by integration over the response functions g i ve n by Kron and Smi t h 
(1951). The zero point of the photome tri c syste m was se t b y normalis ing 
the magnitudes obtained from the modell e d a Lyr fluxe s of Sch i ld et al . (1 9 71) 
to the measurements of Kron et al . (19 52 ). Th e R-I value of t he 3750 K 
model is in good agreement with that of YY Gem. The R-I v a lues of Tab l e 3 
fit adequately into an optical and infra red t e mperatu r e ca l i bration f o r M 
dwarfs, which will be discus s ed elsewhe r e . Res u lts fo r a se ries of models 
chosen to explore the effects of changing abundance and gravi ty in the r ele-
vant temperature range are shown in Tab l e 3 and Figure 1. 
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IV. DISCUSSION 
(a) Continuum G~adient 
The relation between the continuum gradient m(6540) - m(7500) and 
R-I for stars of different populations and models of different compositions 
is shown in Figure 2(a). The models indicate that TiO blanketing has a 
marked effect on both the shorter wavelength bandpasses: the "continuum" 
point A6540 and the R band. As a result of this, the blanketing ve c tor is 
closely aligned with the temperature sequence, and no separation of popula-
tions is appare nt. Since A6540 is an opacity minimum of TiO, the agree-
ment in gradient between models and observations at cooler temperatures 
would appear to validate the treatment of opacity minima described in §III. 
As indicated above, neither R-I nor the continuum gradient measured 
here is a pure temperature indicator. However, R-I has been chosen for thi s 
role in subsequent discussion, as marginally less scatter is obtained. A 
longer wavelength continuum gradient, such as that used in the narrow band 
photometry of Wing (1971), is difficult to obtain because of the insensitiv-
ity of the S-1 cathode and the faintness of halo population dwarfs. However, 
for the subset of stars measured with the multichannel scanner a gradient 
m(7520) - m(l0235) has been synthesised by combining the long wavelength 
bandpasses AA9966, 10350, 10400 (Table 4). Even so, large probable errors 
affect the results for the faintest halo stars and further observations 
would be valuable. Figure 4 shows the extent of the differential blanket-
ing of R-I between disk and halo stars. The integrity of the lµ gradient 
as a temperature parameter is evident from comparison of the normal and 
metal deficient models. By contrast, the temperature of the halo stars is 
some 250 Kin error, if the blanketing effect on R-I is ignored. It is not 
clear whether the -.02 magnitude displacement of the OD curve from the 
dashed line of Figure 4 is a discrepancy in the R-I or the lµ gradient of 
the models. However, differential use of the models (i.e. displacement 
8 3 
TABLE 3 
RESULTS OF MODEL ATMOSPHERE COMPUTATIONS 
T log g [M/H) Gradient D D D 1 iiti 
e (6830) (7100) (7812) R-I Code 
4250 4.75 0. . 325 .085 .010 .005 .350 .550 OD 
4000 .420 .205 .085 .025 .425 .665 
3750 .505 . 370 .225 .070 .500 .790 
3500 .635 .505 .380 .125 .580 .915 
3250 .780 .625 .525 .215 .680 1.065 
3000 1.050 . 720 .660 .390 .780 1. 250 
4000 4.75 -0.7 . 325 .090 .005 .000 .425 .605 M/5 
3750 .385 .245 .055 .010 .500 .695 
3500 .460 .410 .160 .035 .585 .805 
3250 .570 .580 .380 .090 .675 .945 
3000 " .800 .750 .620 .225 . 770 1.145 
4000 4.75 -1.0 .315 .055 .000 .000 .425 .595 M/10 
3750 " . 370 .200 .020 .005 .500 .680 
3500 .435 .380 .090 .015 .590 . 775 
3250 .530 .545 .275 .055 .680 .905 
3000 .735 .750 .545 .165 .765 1.090 " 
3750 4.75 -2.0 .355 .110 .000 .000 .500 .660 M/100 
3500 .410 .380 .005 .000 .585 .745 
3250 .460 . E?J 5 .055 .005 .665 .835 
3000 .635 . 855 .185 .025 .725 .945 " 
3750 4.75 -0.7 .395 .260 .125 .030 .485 .705 M/5 
3500 .470 .435 .230 .055 .560 .810 OC2 
3750 -2.0 .345 .080 .015 .000 .465 .640 M/100 
3500 .390 .290 .055 .005 .530 . 720 OClO 
3750 0. .515 .425 .270 .080 .500 .805 HE2 
3500 .630 .555 .420 .140 .580 .930 
4250 5.75 o. .285 .140 .000 .000 .340 .540 G575 
4000 .370 .255 .035 .010 .410 .630 
3750 .465 .410 .135 .040 .485 .755 
3500 .585 .540 .285 .080 .575 .890 
3250 3.75 0. .840 .590 .580 .355 . 685 1.105 G375 
3000 1.105 .650 .695 .475 .790 1.275 
NOTES TO TABLE 3 
M/5 OC2: [0/C) 0.3 
M/100 OClO: [0/C) 1.0 
HE2: He/(H + He) 0.2 
FIG. 1. - (a) A7100 TiO band strength and (b) A6830 CaH band strength as a function of 
effective temperature. Temperature sequences of different composition or gravity are labelled 
with the code of Table 3. 
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FIG. 2. - (a) Continuum gradient and (b) A7100 TiO band 
strength versus R-I. Closed circles: old disk, open circles: 
trigonometric parallax halo stars from Eggen (1974), open 
squares: kinematic halo stars from Rodgers and Eggen (1974), 
closed squares: young disk, plus signs: models with old disk 
composition, crosses: models with a factor of ten metal 
deficiency. The dashed line is a blanketing line at 3500 K. 
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FIG. 3. - (a) A7812 TiO band strength and (b) A6830 
CaH band strength versus R-I. symbols have the same 
meaning as in Figure 2. 
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of the model curves to merge the OD curve with the dashed line) suggests, 
in general, a metal deficiency close to a factor of ten in the halo stars 
relative to the old disk. (More uncertain observations of four faint halo 
stars show a larger deficiency than this.) 
TABLE 4 
lµ CONTINUUM GRADIENT 
Name Gradient R-I Name Gradient R-I 
y 392 .48 .685 Y 2299.l • 72 1.06 
y 422 .54 .685 Vyss 569 .62 .92 
y 642 .38 .625 Y 2512 .52 . 775 
y 757 .67 .855 LFT 775 . 52: .665 
y 1121 .56 .735 y 2654 . 33:: .525 
y 1181 .58 . 77 LFT 1086 .57: .67 
y 1255 . 55 . 85 y 3252 .79: 1.05 
y 1430 .52 .82 y 3607 .62: .86 
LFT 526 . 52:: .62 y 3783.l .70: 1.08 
y 1755 .83 l. 21 LFT 1419 .47:: .585 
y 18098 . 39 . 59 LFT 1427 .49: .64 
y 2267 .69 1.045 
Note to Table 4: Unmarked results have p.e. < .02; colons 
denote results with .02 < p.e. < .OS; double colons denote 
highly uncertain results with p.e. > .OS. 
In direct contrast to the separation of halo and disk populations in 
Figure 4, Jones (1968) found that high velocity M dwarfs do not differ in 
R-I from low velocity stars of the same lµ gradient. A more exclusive 
definition of halo stars is apparently responsible for the present positive 
result. Jones' high velocity stars have an orbital eccentricity greater 
than .225, but all lie within Eggen's (1976) velocity ellipse, and are by 
this criterion disk objects. It is surprising, however, that a possible 
exception, Barnard's star, which lies on the ellipse, and is considered a 
halo star in this work, does not show an R-I different from the low veloc-
ity stars. On the other hand, Barnard's star lies much closer to the disk 
main sequence in the (MI, R-I) diagram than other halo stars. 
The separation of disk and halo sequences in the latter color-
magnitude diagram is considerably reduced when account is taken of the 
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blanketing shown in Figure 4. The separation in the (M , log T) plane 
bol e 
will be discussed in a future paper; however, for the present, it is clear 
that the maximum difference in R-I of the halo stars from the dashed line 
of Figure 4 is 0.15 magnitude, considerably less than the 0.3 magnitude 
separation of the halo stars from the mean old disk sequence of Eggen (1973). 
Thus the present work is in agreement with the conclusion of Jones (1968) 
that the high velocity stars differ in luminosity from the old disk stars, 
and extends his result to a more extreme halo population. 
(b) TiO Band St~ength 
In Figure 2(b) only halo stars with R-I < .8 appear to have weak TiO 
for their R-I value. The models too show the same declining sensitivity of 
TiO band strength to metal abundance with increasing R-I. This is partly 
due to the blanketing of R-I described above and partly to the blanketing 
of the r eference continuum point. Nonetheless, the combination of the 
reduced abundance of components and increased competition with H2 0 for 
oxygen in a higher pressure atmosphere reduces the TiO band strength in the 
metal deficient models. For the latter reason, a high 0/C ratio found in 
some metal deficient stars by Conti et al . (1967) only partially offsets the 
band weakening (see Figure 1). Thus, apart from four LFT stars (LFT 526, 
775, 1086 and 1419) in which TiO was possibly not detected, it is clear that 
a factor less than ten in metal abundance is sufficient to account for the 
TiO band strengths of the hotter halo stars relative to those of the old 
disk. Using the earlier result that the differential blanketing of R-I 
does not exceed 0.15 mag, the same inference may be drawn for halo stars 
with R-I > .8. As this conclusion is at first sight surprising , the rel-
iability of the models must be carefully considered. 
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The procedure for fitting the band strength by adjusting the f 
e 
value of the TiO y system to that observed in YY Gem was pointed out in 
§III. Hence there is no particular merit in the agreement of models and 
observations at 3750 K. However, the relative position at other tempera-
tures of the OD curve and the observations in Figure 2{b) gives a measure 
of the reliability of predicted band strengths as a function of abundance. 
The slope of the calculated curve is too great by -.06 mag between 4000 K 
and 3250 K. If this were considered as a scale error in a linear relation 
between band strength and log n{TiO)/n{H-) at T = .2, then 0(7100) (3500 K, 
M/10) would be systematically in error by -.045 mag measured vertically in 
Figure l{a) or along the dashed blanketing line of Figure 2(b). This is 
both a plausible correction to the predicted band strength at this tempera-
ture and abundance and an estimate of the accuracy of the simplified band 
model employed here . 
Other possible deficiencies of the band model are harder to assess. 
Hinkle and Lambert (1974) have pointed out that non-LTE effects may be import-
ant in the formation of TiO lines, specifically that the collisional de-
excitation rate from the upper electronic state may be insufficient to con-
trol exchange with the ground state. However, the electron pressure which 
determines the efficiency of this process is only slightly lower in the 
metal deficient atmospheres {due to increased gas pressure), so that the 
differential effect of the line weakening that Hinkle and Lambert suggest 
will probably be slight {and in fact enhance the sensitivity to metal abund-
ance). A higher gravity in subdwarfs (to be discussed in connection with 
CaH) also decreases the band strength (see Figure l(a)). The least attrac-
tive feature of the band model used here is the assumption that the lines 
of TiO are square in shape , equispaced and of equal intensity. The effects 
of this assumption are minimised by the fact that the TiO lines are almost 
overlapping. However, it is possible that higher microturbulence or pressure 
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broadening might enhance those lines in subdwarfs that are stronger than 
the mean . Such effects can only be considered in a full spectrum synthesis 
of TiO. 
Acknowledging the limitations of the band model discussed above, we 
may proceed , at least on a tentative basis, to make quantitative estimates 
of the metal deficiency exhibited by M subdwarfs. For R-I < 0.8 the dis-
placement of the star from the mean old disk sequence along the appropriate 
blanketing vector provides such an estimate. For R-I > 0.8 the blanke ting 
vector merges with the temperature sequence, and an estimate of 6(R-I) is 
required from Figure 4, before this displacement can be measured. The 
results are collected in Table 5. 
TABLE 5 
METAL ABUNDANCE OF HALO STARS ESTIMATED 
FROM TiO BAND STRENGTHS 
Name [M/H) Name [M/H) 
LFT 66 -0.7 y 3252 
-0.7: 
y 422 
-0.6 y 3607 
-0.4 
y 757 
-0.8 y 4098 
y 1121 
-0 . 5 LFT 1419 <-1.0 
y 1181 
-0.5 LFT 1427 
-1.0 
LFT 526 <-1.0 LFT 1597 
LFT 775 <-1. 3 y 5084 
LFT 1086 <-1.3 y 5741. lA 0. 
B -0.5: 
Note to Table 5: Colons indicate results with 
. 3 < p.e . < . 5; unmarked results have 
p.e. < . 3. 
Observational errors both in individual stars and in the reference 
position of the old disk sequence indicate random errors of 0.3 dex in these 
e s timates. Also, the error in the slope of Figure 2(b) discussed above, 
suggests that the metal deficiencies of Table 5 are sys tematica l ly under-
estimated by 0.2 dex at [M/H] = -1.0. For four of the faintest halo stars 
the bands are so weak that only a lower limit to the metal deficiency can 
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be provided. Although the lµ gradients of these stars carry large errors, 
their general position in Figure 4 tends to confirm their extreme metal 
deficiency. 
Lastly, we stress the assumption in the abundance estimates of Table 
5, that the 0/C ratio in the halo is solar. A halo star with an 0/C ratio 
twice the solar value and [M/H] = -0.7 will appear with [M/H] = -0.4 in 
Table 5. 
(a) Call Band Strength 
That CaH is an effective gravity indicator is evident from its clear 
discrimination between dwarfs and giants (Jones 1973) and from the model 
results of Figure l(b). However, use of 0(6830) to estimate the gravity of 
subdwarfs requires calibration of the effect of metal deficiency. The ratio 
n(CaH)/n(H) is abundance independent when Ca is mostly neutral, but becomes 
electron pressure (and hence abundance) dependent when Ca is ionised. This 
transition occurs at 3500 Kin the models, and the effect of abundance on 
band strength tapers off below this temperature. Contamination by TiO also 
contributes some abundance dependence to 0(6830). For the subset of stars 
with lµ gradients, Figure 5 shows the decrease of 0(6830) among the halo 
stars. Using the metal deficiency found earlier from TiO (and noting the 
l arger metal deficiency found for four LFT stars), we may infer that gener-
ally the gravity of the halo stars is not more than a factor of three diff-
erent from that of the old disk stars. An exception is Yale 757, for which 
a higher gravity is possible, given that its metal deficiency is close to a 
factor of ten and assuming [Ca/Ti]= 0. 
Figure 3(b) shows the additional complication of R-I blanketing. 
The M/10 curve of Figure l(b) has been skewed to the left of the OD curve 
in the (D(6830), R-I) plane. With so~e exceptions discussed below, halo 
stars thus appear strong in CaH for R-I > .7, weak in CaH for R-I < .7. 
FIG. 5. - A6830 CaH band strength versus 1µ gradient for disk 
and halo stars. The key is that of Figure 4. 
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The position of Kapteyn's star in Jones (1973) figure 1 is probably a similar 
effect , his A6076 being blanketed as is A6540 in the present work. For 
R-I < .7 four halo stars lie closer to the disk relation in Figure 3(b). 
Yale 5741.1 A and B have normal TiO and may therefore have disk abundances. 
LFT 1419 and LFT 526 have no TiO and very strong MgH (Greenstein 1971; Wegner 
1975): they are possibly of higher gravity (but note the larger errors in 
these observations). For R-I > .7, there are three stars with disk CaH 
strength . Yale 3607 has stronger R-I blanketing than other halo stars in 
Figure 4. LFT 1597 and Yale 5084 do not have lµ gradients available, but 
their position in the (M1 , R-I) plane also suggests that stronger R-I 
blanketing (i. e. stronger TiO) has placed them among the disk stars in 
Figure 3(b) . 
Turning to the young disk stars in Figure 3(b), a slow deviation from 
the old disk sequence is noticeable for R-I > 1.05 (compare Eggen 1973, 
figure 1). According to Eggen , these superlurninous stars are still contract-
ing to the main sequence. Relative to the old disk sequence a factor of two 
to five lower gravity would account for the observations at R-I = 1.2. 
However, the possibility also exists that strong TiO may have given these 
stars an R-I excess. Observation of the lµ gradient of these stars would 
readily settle this question. 
{d) Suitable Filter Bandpasses 
Tests have been carried out, prompted by a study of the model fluxes , 
of broader bandpasses for the present system. 120 ~ bandpasses have been 
used, centered on AA6560, 6880, 7160 and 7500. Fortuitously , 0(6880) equals 
0(6830) to 1 % error , and 0(7160) transforms with a 2% non-linearity to 
0(7100). The rather open and saturated atmospheric B band of 02 , which 
falls in the A6880 bandpass can be handled by the methods of Wing (1967). 
The addition of a broader bandpass running to the long wavelength tail of 
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the Ga/As cathode would provide an unblanketed temperature parameter. Such 
a system would be suitable for filter photometry, with the resultant increase 
in accuracy and efficiency. 
V. CONCLUSIONS 
Differential blanketing of R-I by up to 0.15 mag has been detected 
between stars of disk and halo populations. This blanketing by TiO bands 
has two important effects: the weakening of the bands in metal deficient 
halo stars is masked, and the separation of these stars from the old disk 
main sequence in the (MI, R-I) plane is exaggerated. Bandpasses at 7500 R 
and lµ yield a more reliable temperature parameter. A theoretical calibra-
tion of TiO band strength versus metal abundance is offered, but in view of 
the limitations of the band model discussed in §III, must be treated 
cautiously , as a first step. Complete synthesis of limited sections of the 
TiO spectrum is a desirable goal. The present study, however, suggests a 
metal deficiency of a factor between three and ten for many of the chosen 
halo stars; for four of the bluer halo stars a factor of twenty is a lower 
limit; the proper motion pair Yale 5741.1 AB has essentially solar abundance . 
Random errors of 0.3 dex must be expected in these estimates, and a system-
atic error of +0.2 dex at [M/H] = -1.0 was suggested in §III . The derived 
abundances are based on the assumption of a solar 0/C ratio in the halo. 
In view of these uncertainties the present results may not be discordant 
with the metal deficiency of a factor of twenty obtained for the earlier 
type subdwarfs HD 25329 and HD 103095 from high dispersion spectroscopy 
(Pagel and Powell 1966; Tomkin and Bell 1973). However, the metal deficien cy 
of a factor near 100, claimed for stars of the subdwarf sequence by Eggen 
(1973) cannot be confirmed for a majority of the M subdwarfs in this study. 
A somewhat lower dispersion (10, 40 R;mm) spectroscopic study of the 
brighter stars is currently under way to provide further evidence on this 
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matter. Nevertheless, considerable variation in abundance is apparent in 
the nearby halo M dwarfs , as has been found for other objects in the galact-
ic halo (Rodgers 1972; Freeman and Rodgers 1975). 
CaH has been included in the present study as a gravity indicator. 
The redder young disk stars are distinguishable by their weaker CaH, 
s uggesting a lower gravity for these pre-main-sequence stars . When CaH is 
calibrated for the effects of metal deficiency, the gravity of halo stars 
appears not to differ significantly from that of old disk stars. This 
r e sult is in agreement with the interior models of Copeland et al . (1970). 
A full discussion of the position of halo and disk sequences in the 
(~01 , log Te) plane will be given in a future paper. 
Acknowledgements 
I would like to thank Professor 0. J. Eggen and Ors A. W. Rodgers, 
A. R. Hyland and M. S . Bessell for assistance at various times in this pro-
ject. The Australian Government has supported this research with a post-
graduate award. 
REFERENCES 
Collins , J. G. 1974, J . Q.S . R. T., _!i, 1259 . 
Conti , P . S ., Gree nstein , J . L. , Spinrad, H., Wallerstein , G., and 
Vardya , M. s. 1967, Ap.J., 148, 105. 
97 
Cope land, H., Jensen , J. 0. , and J¢rgensen, H. E. 1970, Astr . and Ap. , 5 , 12. 
Eggen , O. J. 1969 , Ap.J., 158 , 1109. 
1971a , Ap.J. Suppl ., ~ . 389 . 
1971b , Pub . A. S . P. , 83 , 271. 
1973, Ap. J ., 182 , 821. 
1975, private communication. 
1976, Ap . J ., Feb. 1 issue. 
Freman , K., and Rodgers , A. W. 1975, Ap . J ., 201 , 271 . 
Gold n , S. A. 1967 , J . Q. S. R.T., 7, 225 . 
Gr enstein, J. L. 1971, IAU Symposium No. 42, ed . W. Luyten (Dordrecht: 
Reidel Publishing Co.) , p . 46 . 
Greenstein , J. L ., and Eggen , O. J . 1966, Vistas in Astronomy, 8 , ed . A. Bee r 
(Ox ford: Pergamon Press) , p.63 . 
Hayes , D. S . 1967 , Ph.D. thesis , University of California, Los Angeles . 
Hayes , D. S. , Latham , D. W., and Hayes, S . H. 1975, Ap . J ., 197 , 587 . 
Helfer , H. L. , and Jennens, P . A. 1975, Dudley Obs. Rep ., ~ . 87 . 
Hinkle, K. H., and Lambert, D. L. 1975, M.N.R. A.S., 170 , 447. 
Janes , K. A., and McClure, R. D. 1975, Dudley Obs . Rep., 9 , 99. 
Jenkins , L . 1963, General Catalogue of Trigonometric Stellar Parallaxes 
(New Haven: Yale University Observatory). 
Johnson, H. L . 1966, Ann . Rev.Astr. and Ap., 4, 193. 
Jones, D. H. P . 1968, M. N.R . A.S., 139, 189. 
1973, ibid., 161, 19P. 
Kron , G. E., and Smith, J. L. 1951 , Ap . J ., 113, 324 . 
Kron , G. E ., Gascoigne , S. C. B., and White , H. S. 1957, A. J ., ~ ' 205. 
Luyten , w. J. 1955, A Catalogue of 1849 Stars with Proper Motions Exceeding 
0~5 Annually (Minneapolis: Lund Press). 
Mould, J. R. 1975, As tr . and Ap., 38, 283 (Paper I). 
1976, ibid., in press. 
Pagel , B. E. J., and Powell, A. L. T. 1966, R. 0 . 8 ., No. 124. 
Rodg rs, A. W. 1972, M.N . R. A. S., 157, 171. 
98 
Rodg rs , A. W., Roberts, R., Rudge, P. T., and Stapins ki, T. 1974, Pub . 11 . S . P., 
85 , 268. 
Rodg r s , A. W., and Eggen , 0 . J. 1974, Pub . A. S. P., 86 , 742. 
Schild, R., Peterson, D. M., and Oke , J.B. 1971, Ap . J ., 166, 95. 
To mkin, J., and Be ll, R. A. 1973, M.N.R . A. S., 163, 117. 
We gner, G. 1975 , M.N. R.A . S., 171, 529 . 
Wing, R. F. 196 7, Ph.D. thesis , University of California, Berkeley. 
19 71, Proceedings of the Conference on Late-Type Stars , 
e d. G. W. Lockwood and H. M. Dyck (Tucson: K.P.N.O. Contrib. No. 
554 ) , p. 145. 
Woolley, R.v.d.R., Epps, E. A., Penston, M. J., and Pocock, S. B. 1970, 
R. O.A., No. 5. 
CHAPTER 4 
INFRARED OBSERVATIONS AND THE STRUCTURE OF THE 
LOWER MAIN SEQUENCE 
J. R. Mould and A. R. Hyland 
ABSTRACT 
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The sensitivity of the color J-H to the gas pressure in the photo-
sphere of M dwarfs permits a rather clear separation of the component 
populations of the lower main sequence. These are: the young contract-
ing s tars, th e "zero-age'' stars and the oldest metal deficient halo stars. 
The separation of these populations in color-magnitude diagrams is not a 
r e s ult of d i ff e r e ntial line blanketing, as has been suggested, but truly 
e xtends to the (~01 , log Te) plane. 
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I. INTRODUCTION 
Th theory of stellar interiors suggests that the location of the 
lower mains quence in the HR diagram is a function of composition and age. 
Observational investigation of this dependence, how ver, presents a complex 
probl m. Amongst the difficulties pointed out by Spinrad (1973) are the 
heavy line blanketing in M dwarfs , the presence of emission lines in some 
s tars and the e xiste nce of s ubdwarfs with strong lines. Nevertheless , the 
sa lient features of the structure of the lower main sequence have emerged 
in th kine mati c separation of populations by Eggen (1973). The youngest 
of the cool M dwarfs (the young disk population) are still contracting to 
th min sequence . The oldest M dwarfs (the halo population) lie well below 
he old disk main sequ nee presumably as a result of metal deficiency . 
Considerable scatter is present among the disk stars , however, and kinemati c 
c rit ria appear too coarse for the efficient screening of the different 
populations. 
The a im of the present series of papers is to examine the structure 
of th low r ma · n sequence and to clarify its dependence on composition and 
ag. W h ave attacked the problem on two fronts. Firstly, a grid of 
blank ted model atmospheres has been calculated (Mould 1975, 1976a, Papers 
1 and II) . Secondly , key observations suggested by the theory have been 
c arried out . Metal deficiency has been confirmed among the subdwarfs by 
s canner observations of TiO bands (Mould 1976b , Paper III). This deficiency 
is only of the order 0 . 5 to 1.0 dex for a number of these stars , if the 0/C 
ratio in th halo is solar . Low gravity is suggested among the redder 
young disk s tars by the weakness of the CaH bands. 
In this paper we present infrared photometry of M dwarfs . The (J-H, 
H-K) diagram proves to be a powerful tool for separating metal deficient 
and young contracting stars , allowing a tighter normal ma in sequence to be 
d fin e d . Wi h the aid of UBVRI photometry we consider the effects of line 
blank ting and xamin e the location of the above populations in the 
(~01 , log Te ) p lane . 
II . PHOTOMETRY 
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For this program a number of the brightest sou thern M dwarfs were 
c hosen from each spectral class to represent the disk population in the 
ra ng 0.6 < (R-I)K < 1. 3 . This list was s uppleme n ted by the brighter halo 
s tars , di scuss din Paper III . Photometry was carried out primarily at the 
1 . 25-m t 1 s ope at Mount Stromlo Ob serva tory between 1975 January and July. 
Additional obs r vations of fainter stars were made at th 1.9-m telescope , 
a other infrared programs permitted. 
(a) Instrumentation 
The Mount Stroml o Infrared Photometer used in thi s work is a dual 
b a m infrar d hotomet r with a rotating chopper. Its design i s similar to 
hal of th p hotom ter sche ma tically illustrated by Glass (1973). The 
d e t c or for JHKL p hotometry is an LN2 coo l ed PbS photoconductor , and has 
pro v din b nch tes t s at Mount Stromlo to have three time s the detectivity 
of oth r conun rcially s upplied detectors . Six-position aperture and filter 
wheels ar located within the d e war and also cooled to LN2 tempe rature . 
(b) Observation 
An obs e rving procedure has been care fully developed whi ch allows u s 
o practic o approach closely the precision of optical stel la r photometry. 
Offset guiding was always used to keep the star centered on the focal plane 
ap rtur . A 3.5-mm aperture ( 32 " on the 1. 25-m telescope - 18", 1.9-m) wa s 
9 n ra lly e mployed so that the aperture was always much larger than th 
s ing disk. Th ste llar flux was derived by differencing paired ten 
s cond int gration s wi th the s tar in alternate b e ams of the photometer. 
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Measurement was continued until <1% statistical errors (lo ) were obtained 
up to a maximum of 32 integrations. Extinction corrections are discussed in 
Appendix 1. 
{c) StandaPds 
Standards shortlisted from the results of Glass (1974a) were observed 
alternately with pairs of program stars . Multiply observed stars with 
K > 1.5 (the detector's linearity limit on the 1.25-m telescope) have been 
se l ect d for the shortlist of standards. For JHKL photometry we prefer 
Glass' standards to the bright long wavelength standards of Thomas et al . 
(19 73). Our JHKL filter s appear identical to those used by Glass. Our 
natural system should therefore be similar to his, except possibly at L, 
where the cutoff o f the detector is important. Frequent observation of 
these standards has confirmed Glass' estimate of their accuracy to . 02 mag 
at J,H and K. Random inconsistencies larger than .OS mag have been found 
at L , and, in some cases , new values have been tentatively assigned. Revi-
sion of the s hortlist of Glass' standards will be discussed further when 
mor e observations have been secured. 
Results of JHKL photometry on the Glass system are presented in 
Table 1. Most of the stars have been observed two or more times. Where 
the statistical error (S) in individual observations has been driven below 
. 0 1 mag, th mean deviation of these multiple observations is less than .02 
mag at J,H and K (but larger at L). Multiple observations in Table 1 have 
therefore been combined with equal weight if S < .02, with weight S- 2 if 
S > .02 . In Table l the probable error of this mean in hundredths of a 
magnitude is given for multiple observations; Sis given for single 
observations. 
Tabl l also contains results of UBVRI photometry by Eggen (see 
refe r e nces, Paper III) in addition to the lµ gradient recommended as a 
temp ratur index in Paper III. The synthesised lµ gradient presented there 
103 
TABLE l 
PHO'roKETRl C DATA 
U- 8 •-v V R- 1 lu6 J-H •-• l - L Pop . Sp . 
Ya h1 392 1.27 1. 4 1 8 . 92 . 685 7 . JJS . ,oH l) . 67'( OJ . 16'( 0( , . u,r 2) 
. u,r 7 ) ]222 00 dlU Yale 422 1 1. 18 1. 4C 12. )l 
. 68S 10 . 695 
. '"( 2) . >B>( l) • ll> ( 7) 8 . 86, ( 6) 1110 Ha l o l 4 Yale <SO l.09 1. U 10.02 . BS S e. u s 
. ,80 ( I) . 180( 2) 6 . oH I 21 1110 000 dN J Yale 642 1. 11 l. )6 9 . 10 . 6 2S 7 . 675 
. 41 0 ( 2 ) . 66,( I) . 1'0( I) > . 620( l) 111 0 00 NOV Yel• 7'7 J . ]95 1 . 60S l l. OS . ess l l.09 S . 700( 2 ) . >4' ( I ) . 19>( I) 8 . 790( I) 2220 Halo Yale 948 . 1 1.02 1. J l 1 1 . BS . llO 10 . 170 
. '"I 2) . 1'0( • J 7 . 970 ( 4) 2110 Na l o C Yale 1111 1.11 1.4] ll . 14 . 1J5 10 . 465 .se, I 1) 
·'" I 2) . u, I I ) 8 . 10, [ I ) 2220 Ha lo 
" 
Yeh 1181 1. 07 1. SJ 8 . 90 • 110 1 . 010 . S90( I( . ,o,r I) 
. 220( OJ , . otS( OJ 
. 190 ( •J ))l) .. 1. NOV Yale 125S 1.11 1.47 7 . 98 . 850 6 . 020 
·' "! I ) • 710 ( OJ . 200( OJ l . 860 ( OJ .O JO( l) 1111 00 • tv Yal e 1)05 1. 20 1. 6S 11 . 60 1.210 e. 11,0 . 920( 2) . ,201 I) . 210( I) 6 . 160 ( I ) . 200 ( ,1 1111 000 ...... Yeh 14 10, 1.1) l. so e. u , 820 6 . 270 
. S" ( 0) • 720( 0) .190( 1) • . ,.0( 2) 
. 0 10 ( 7) 1111 00 • tv Yale 16U . 1 1 . 185 1.625 10.86 1 . 110 11 . 400 . 800( 6) 
. ,80( 11 
. 260( 2) 6 . 060( 2 ) 1110 00 "4 t.rr 5 261 l. 0 4 I. H ll . 66 . 620 12 . 110 . HO(IO) 
. 6'0(10( .'10(21) 10 . 2BO ( ll) 1110 Ma lo ..... Yale ins 1.12 l.SS 9 . 80 1 . 2 10 7 . 200 
. UH 2) • S70( 0) . 260( I) , . e,o( 2) 
. 200( 7) 1111 00 Yale 18099 1 . 2 )5 1. H 8.92 . 590 l . 490 . , oor I( . 670( I ) 
.160( 2) , . '70( 2) 1110 00 dlS Ya le 1827 l. 00 1. 59 11 . 20 1.)90 8 . )60 
. 610( 1) 
. 290( 2) , . 710( 2) 
. 260( 9) 1111 Yt> ...... Cl 12-SO 1. so 1. 69 ll . 40 1 . 410 10 . 210 • ,20( 2) 
. 120( 4 ) 7 . S60( •J 1110 00 Yale 2267 1. U l. S4 10.04 1 . 0 4 5 7 . 825 . 71'( II . 610( I) . 2SS( I) s . ,10( I) 
. 200( I) nn 00 dN4 Yal• 2l99 . 1 1.17 1. 5 1 10 . n 1 . Dfi0 8 . )80 • 7'0( I) . 600( I) . 270( 2( 6 . 060( 2( 
. 2SO( 9) 1111 00 
" 
Ya l• llJ6 . l 1. 2J l. 2) 8 . 89 . 470 7 . 710 
. 600( 1) 
. 1201 2) , . 960( 2) 1110 00 dNOp V 56q 1.22 1.47 9 . JO . 920 7 . 260 . 6H( I) . 660( I) . 2JO[ I) S . 010( I) 1110 Yt> 
""' 
Yale 14 56 l. l8 l. 50 9 . 65 . 955 7 . 540 
. '90( 1) • 270( 2) , . JJO( 2) 1110 Yt> 
" " 2 Yal• 25 11 0 . 9 5 l. 40 11 . 02 . 775 9 . 165 . SH( 2( . S,S( I) 
. 175 I I) 7 . 29S( 2) JJ20 coo 
" 
Yale 26 54 1.1 0 I. 20 10 . 12 . 515 8 . 9S5 • 1'0( 9( . 620( 2( 
. I JO( •J 7 . 070( 9) 1110 00 dNO 'hh 27 10 1. 40 1. 76 11 . 10 1. JJS 8 . 245 
. '70( I[ • JlO[ I) , . 620 ( I) . 27'( 2 ) 1222 00 
"'" 
Yal• l 9 5 l 1.27 I. 41 8 . 50 . 655 6 . 9SS 
. 660 ( 1 ) . 160( I) , . 9JS[ OJ 
- . 080( l ) 2222 00 NOVt.rr 1086 1 1.10 1. 47 1 J . 27 . 670 11.880 . ,,s( 4) • 2,0 ( ll) 
. 160(16) 9 . 910(ll) 1110 Malo Yal • 1211 1. 4) 1.90 11. 22 1 . 660 7 . HO I.HS( •J . 60,( OJ . )60( I) • • l6S ( 0) • J2S( 4 ) 2222 00 .... ~ Yal• 1296 1. 20 1.6} 11 . }6 1 . l95 8 . 505 . 92'( 2) 
. 605( 2) . 290( 2) , . 940( 0) . 190( OJ 2221 Yt> ... Ya l • lJ758 1.21 1.,1 7 . 95 
. 885 6 . 115 . 600( 0) . 60( 0( . 2, 0( I ) l . HS[ OJ . llO( I) llll 00 N2V Yale 1ns• l. 06 1. t o ,. eo 
. 400 4 . 120 
. SSO( 0) 
. 120( OJ l . lSO( OJ 
. o 4o( 11 1111 00 . , v Y•h l 4 S8 I. 20 1. 59 10 . 58 1 . 080 8 . 100 • ns I 2) . ses I 1J . 260( I) S. 8)0( I) 
. 170( 2 ) 2222 Yt> 
""' 
Yale }50 1 l.U 1. 5 1 9 . JO 1 . 050 7 . 070 . 6"( 0) . 60( 0) . 20 ( OJ , . 110 1 01 
. 170 ( I ) 2222 00 4 Yal• 1547 1.0, 1. 60 11 . 84 1 . 140 9 .540 
. so, I 21 . 270( I) 7 . 11 0 ( I) 2220 000 NS V.le 1146 J. 20 1. 6 0 10 . 10 l . l OO 7 . 480 . BSO( 2) 
. '70( 0) . 28'( I) , . 10s I 11 . 2'0( ,1 lll2 Yt> dN4 Yeh J18l . l 4 . 20 1.64 12 . 7J 1 . 080 10 . 600 . 7'0( J) 
· '" [ 2 ) . 2,s I l) 8 . 07'( 0) 2220 000 C Yale }945 l.06 1. 6 0 8 . 98 1 . 080 6 . 680 . 710( I) 
. ,90( OJ . >SO( 0) , . ,eo( oJ 
. 240( 2) 1111 00 HJ• .. Yal• )924C 1.17 1. 57 10 . n . 960 8 . l70 .680 ( OJ • S80[ oJ . 2'5( I) 6 . 0JS( 21 
. 290(10) 2211 000 ,0 Yale } 958 1. 21 1. 5} 9 . }6 1 . 0}0 7 . 070 . 69S( I) . S80( OJ . 260( 0) 4 . 8SS! oJ . 200( l) 2222 Yt> N4 Yale 1992 l . lO 1.6' 10 . 96 1 . 260 8 . 220 . 9SO[ •J . 60 ( 21 . 290( 0) , . 66'( 0 . )JS( I ) 2221 00 • s Yal e 4098 I. JO l . 7 5 9 . 54 l . l60 6 . 1no .910( • J . '10( OJ . 270( 0) , . soo( O) 
. 120 ( 2) 1111 .. 1. NSV Yale 4 llJ 1.21 1.50 9 . 4} . 86> 7 . 465 
. 610( 0) . 210( 1) , . llO( 2) . 180 ( ,, 1111 00 dlO Tai• 4266 1.21 1.26 10 . 04 . 520 I . 740 
. 680( 2) 
. 110( • J 6 . HO( • J 1110 00 dNO t.rr 1427, 1. 21 1. 4 15 U . 27 . 640 10 . KO . 505( 4) 
. '70( •J . 09S(ll) 8 . 7SS[U J 1110 llalo f a h OJI 1.60 10 . 95 I . JOO , . uo . 120( 6) . sao( oJ . 290( I) s . 1'0( 2) 
. 280( 61 111 ; 00 
-
Yale 4 )91 I. JO 1.45 ,.n • 76' 7 . 4 75 
.HH I ) . 170( I) , . l9S( 2) 
. 00( 2) 2222 OD IOV rai. u n l.05 1. 51 11 . U I. IJS I . 705 
. SBS [ I) . 21S( 2) 6 . JOS( 2) 1110 00 dll4 Yale 4 794 1.10 1. 4 1 7 . 97 • 7JO 6 . 290 . OS( II . 640( 0) . 19'( 0) • • 26'( 0) 
. 1201 I) JJJ2 TO NOV Yale 49 2 4 1. ll 1. Jl 8 . 8) 
. 6 10 7 . UO 
. •2H II . 6SO[ I) . 160( 11 , . 470 ( ti . 190( 7) 1222 00 ov Lf"T 1597 1.08 1.44 11 . 48 ... , 9 . 575 
. '70( I) . 2,sJ I) 7 . '2H OJ 2220 .. 1. 
"' 
Yeh 5084 1.10 1. 49 10 . 87 
·'" 
8 . M, . 60S ( OJ . '10( 11 . 2'0( I) 6 . 91'( I ) 2220 Halo 
"' 
Yale 5117 1.16' I. )9S 6. 7J . 690 
' ·°'° 
. '70( I) 
. 6'H OJ . 19S [ OJ l . 07'( OJ . IJO( l) 2222 OD NOV hi• 5190 1. 0 5 1. 46 8 . 68 . 9)0 6 . 620 . 610( I) 
. '85( OJ . 22,( OJ , . oo( I) 
. "s I 2) 1222 Yt> .,v Yale 5 1 14 0 . 98 1.06 4 . 68 . 405 J . 775 
. ,2,( OJ . 120( 0) 2 . 180( OJ . 060 ( 4) 222l 00 • 4V Yale 5 )58 1. 12 1.5 2 10 . 4 2 1 . 090 7 . 980 • 76S [ 2) . 670( I ) . 2JO( 0) s . s,s I I) • 22' I OJ 2221 Yt> dN) Yeh 5475 I." 1.96 12 . 18 1.6SS I. '8S 
. 62S( OJ . HS( 0) S . S60( I) 
. , . ,r 4J 2221 00 
.. _ 
Val• 5 546 1. 12 1.58 10 . 10 l. 22 0 7 . 540 
. .. or 0) . 61,1 0) . 27'( 0) S . O<S( I) 
. 27' ( OJ 2222 Yt> d•S Yale 5572 1.25 I. 19 7. 90 . 6 20 6 . )80 . <JO( 0) 
. 6SS[ OJ . 16'[ OJ 4 . • ssr I) . 160 ( l[ )))) OD dNI Tel • 5584 1.17 1. 4 8 l . J7 . 8 40 , . ,oo 
. S60( 2J . 60S( 0) . 2H( I) l . 160( I) . 16'( l) 2111 00 IOV Yale 5817 0 . 95 1.0 8 . 6) . 9JO 6 . 5~0 . 60, I 21 . SJO( 0) .2JS [ 0) 4 . ,osr 11 
. 200( •J l112 000 
"•v 
104 
has been supplemented by further observations of m(7520) - m(l0235) (140 ~ 
bandpass) with a single chann~l scanner. A zero point correction of .02 mag 
has been added to the multichannel scanner results to accord with these 
measurements. For a few stars alµ gradient interpolated from the scans 
of Jones (1968) and Watson (1974) is included in Table 1. Reasonable agree-
ment is found for conunon stars after the required calibration change. 
(d) Compa.rison 
JKL photometry of northern M dwarfs has been reported by Johnson 
(1965a), HKL by Veeder (1974a) and JHKL by Glass (1974b). Quite large dis-
crepancies between the present results and the early work of Johnson are 
apparent, as both the later authors have remarked. However, comparison of 
results with those of Veeder and Glass is more satisfactory, at least at 
J,H and K (Figure 1). Sufficient data is present to make plausible zero 
point transformations, and ~K = -.02, ~(H-K) = +.02 in the sense MH-V and 
G-V is suggested. The scatter in the K-L results is in accordance with the 
errors quoted by all three authors and ~(K-L) (MH-V) = -.05, ~(K-L) (G-V) = 
-.08 is the tentative result. 
For the purposes of §VI of this paper (where comparison is made with 
model atmosphere results) we also consider transformation to the Johnson 
(1965b) system, the photometer response functions of which are the only ones 
available for the relative flux calibration of Paper II. In §VI we have 
adopted the zero point correction of -.01 mag to J-K and H-K tentatively 
suggested by Glass (1974a) and a correction of .05 mag to K-L (a.f . . 03 
suggested by Glass). These corrections are in the sense (J-G). To derive 
the latter correction, we have examined the common stars of Glass and 
Johnson et al. (1966) and rejected stars brighter than K = 0 as possibly 
contaminated by non-linearity. 
FIG. 1. - Differences in HKL photometry of M dwarfs in the 
sense Mould, Hyland - Veeder (1974a) (solid symbols) and Glass 
(1974b) - Veeder. These are plotted against (R-I)K, but do 
not show any strong color effects. 
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III. THE (J-H, H-K} DIAGRAM 
(a) Population Separ,ation 
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The infrared observati ons reported in the previous section are shown 
in the (J -H, H-K) plane of Figure 2(a). M dwarfs are known to occupy a 
position in this diagram quite distinct from other late-type stars )Lee 
1970: Glas s 1974b). For stars of the disk populations (solid symbols), 
Figure 2 (a) shows an initial steep rise in J-H with decreasing temperature, 
f ollowed by an abrupt turnover and decay. 
I n Paper II the cause of the turnover shown by dwarfs in this diagram 
was ident i f ied as reduction of the temperature gradient due to convection 
i n the dwarf atmospheres. The association of hydrogen below 4000 Kin 
dwarfs decreases the adiabatic gradient, thus decreasing the flux excess at 
H from t he H opacity minimum. Copeland et al. (1970) have noticed a break 
i n the t heoreti cal lower main sequence due to this sudden decrease in ~ad· 
A more striking, and quite novel, feature of Figure 2(a) is the bluer 
J -H turnover and generally bluer J-H values shown by all measured halo stars 
(open c i rcles). The models of Paper II predicted just such an effect for 
metal deficient stars, as a consequence of higher pressures in their more 
transparent atmospheres. Also among these stars are a number of intruders 
with old disk motions (open triangles). It is reasonable to suppose that 
these stars also have higher photospheric gas pressure, whether by metal 
deficiency or higher gravity we cannot directly resolve. The clear tendency 
o.f Uhese stars to fall at the bottom, or below, the main sequence of 
Figure 2(b ) makes us confident of the significance of this J-H deficiency. 
We have denoted these stars "DOD" in Table 1. 
Even among the remaining disk stars in Figure 2(a), there is a wide 
r ange of J-H at a given H-K. While some of this scatter must be observa-
tional, t:,ere appears to be an intrinsic component. The clear separation of 
the sublumi nous stars in Figure 2(a) therefore suggests that we might look 
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FIG. 2(a) - The (J-H, H-K) diagram for the stars of Table 1. 
Unreliable observations (colons in Table 1) have been omitted; 
error bars are plotted where the probable error exceeds .02 mag. 
The dashed line follows the rise and fall of J-H with temperature 
as sugges ted in the text. Solid circles denote members of the old 
disk population, solid squares are young disk stars, open circles 
are halo stars (Eggen 1973), solid squares are LFT halo stars 
(Rodgers and Eggen 1974), and open triangles are called "DOD 
stars" i n the text. The three solid triangles are K dwarfs from 
Glass (1974a), included to clarify the initial steep rise of J-H 
with temperature. The horizontal dashed lines denote the maximum 
J-H val ue from the theoretical models for temperature sequences 
with log g = 4.75, log g = 4.75 with twice the normal mixing leng-
th, log g = 4.75 with [M/H] = -1, log g = 5.75 and log g = 4.75 
with [M/H] = -2. For log g = 3.75 the J-H turnover occurs at 0.93. 
(b) - The (MI, R-I) plane for stars with reliable trig-
onometric parallaxes (o(m - M) < .15) with 0 . 3 < R-I < 1.5. Old 
disk star s are from Eggen (1973); young disk stars are mostly from 
Eggen (1976), but include Yale 3296, 3458 and 3958 (Paper III). 
For the halo stars (Eggen 1973, table 2) we have relaxed the ad-
missible modulus error to 0.5. Known unresolved binaries have 
been excl uded. Eggen's (1969) young disk sequence and (1974) sub-
dwarf sequence are shown as short dashed lines. All stars above 
the long dashed line in (b) fall above the corresponding line in 
(a) and are deemed to be still contracting to the main sequence. 
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e. 
for a separation of Eggen's (1969, 1976) superluminous young di s k s tars. 
These stars , however, (solid squares) are equally distributed above and 
10 
below the dashed line in Figure 2{a). Nevertheless, regardless of their 
kinematic , eight of the ten stars above the dashed line (the e xceptions 
are Yale 2267 AB and 3992) form a consistent upper envelope to the di s k main 
seque nce in th e (MI, R-I) plane of Figure 2{b). Of these , five of the si x 
me asured (Yale 3375 Bis the exception) showed weak, gravity sensitive CaH 
bands in Paper III. We conclude that the locus drawn in the (J-H, H-K) 
diagram quite s uccess fully isolates superluminous stars , and that most of 
these stars appear to be of lower gravity . It may be noteworthy that 
Yal e 226 7 AB, 3375 Bare close binaries. 
{b) Quantitati ve Interpretation 
The maximum J-H value predicted by the models is also shown for 
compari son i n Figure 2 (a). The dependence of J-H on atmospheric paramet r s 
was discussed in Paper Il. We have not plotted the loci of the model s in 
the (J-H, H-K) diagram , as the models show a deficiency up to .15 mag at K 
relative to Hand L, whi c h was ascribed to unrealistically high H2 0 blanket-
ing i n this bandpass . However the differential positions of the J-H turn-
over shown in the diagram should help narrow the range of atmospheric para-
* meters acting to produce the separations noted observationally. (i) For 
J-H deficient stars the mean deficiency is - 0.1 mag. This corresponds to 
* 
We stress that the application of model results in this diagram is a tenta-
tive one for a number of reasons. Firstly, the relative flux calibration 
of Paper II is only certain to within a few percent. Secondly, the J-H 
turnover has been shown sensitive to the convective mixing length parameter . 
It has not b e n demonstrated that the crude dimensional arguments of the 
mixing l e ngth theory will accurately predict the structure of a convect i ve 
atmosph ere . Thirdly, it is possible that the excessive blanketing by 
water vapor at K may extend , to some degree, to H. 
6 log g - 0.8 or [M/H] - -1.3. Using the upper limit of their gravity, 
derived from the CaH bands in Paper III, 6 log g < 0 . 5 , we deduce that 
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-1.3 < [M/H] < -0.4 are representative mean parameters . (ii) For super-
luminous stars the mean excess is - . 06 mag. If composit ional diffe rences 
are small, 6 log g - -0.5 (c .f. Paper III). 
The observed separation of populations i s still apparent at the cool-
* 
est temperatures. This is contrary to the predictions of the mod e ls , whos e 
colors are dominated by H20 blanketing below 3250 K. We cannot now make 
further headway quantitatively interpreting the cool side of the (J -H, H-K) 
diagram without evidence of the real strength of the H20 bands. 
(c) Structure of the Main Sequence 
To summarise this section, we review the correlation we have shown 
between the position of a star in the (J-H, H-K) diagram with its position 
in the HR diagram. The sequence of stars in Figure 2(a) above the dashed 
line appears to be superluminous in Figure 2(b). Interpreting their J - H 
excess and CaH band strengths, we assert that these are stars of lowe r 
gravity still contracting to the main sequence. Below the dashed line is a 
sequence of stars which may be expected to correspond best to the Ze ro Age 
Main Sequence for M dwarfs. Below this sequence again fall the parallax 
subdwarfs. It should be noted that these divisions are not based purely 
kinematically. Interlopers with old disk motions appear both among the con-
tracting and among the subluminous stars. With thi s blurring of the 
kinematic borders, however, our outline o f the lower main sequence corres-
ponds to that of Eggen (1973). 
* 
See, for example , the position in Figure 2 of Yal e 4098 . This star has 
mildly weak TiO bands for its temperature, strong Ca H (Paper III) and 
strong lines (Spinrad 1973). 
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IV. THE (B-V, V-K) DIAGRAM 
TiO bands were shown in Paper III to be a strong function of composi-
tion in M dwarfs. These bands are mostly concentrated in the V and R band-
passes. Consequently, metal deficient M stars may be expected to be redder 
in B-V but bZuer in V-K (and R-I) than stars of solar composition of the 
same temperature. At the same time V-K is a fair temperature indicator by 
virtue of the long baseline involved. 
In Figure 3 we notice a general separation of the halo and also the 
DOD stars in the direction suggested for metal deficiency. Many of the 
bluer stars do not show this effect, but in general do have large ultra-
violet excesses. It is possible that the effects of atomic line blanketing 
on B-V may dominate the TiO blanketing in the hotter stars. At the red end 
of Figure 3, where the separation is more certain, it is curious that two 
unresolved photometric binaries (Yale 1641.1 AB and 3845 AB) lie among the 
J-H deficient stars. 
Reviewing the behaviour of the majority of the stars in Figure 3, it 
i s noticeable that, as in the JHK diagram, the halo and DOD stars occupy 
similar positions. By contrast, the lack of a clear separation of the low 
gravity contracting stars in Figure 3 argues th~t metal deficiency rather 
than high gravity is the key to the J-H deficiency of the DOD stars. 
V. TEMPERATURE AND LUMINOSITY CALIBRATION 
(a) Effective Temperatures 
The only M dwarf with a fundamentally determined effective tempera-
ture is the eclipsing binary YY Gem. Kron's (1952) measurement of the rad-
ius of the mean component is of sufficient accuracy for the parallax error 
to dominate in the temperature determination. The parallax of 68 + 4 arc ms 
given by Woolley ~t al. (1970) yields 3780 K, with maximum uncertainty of 
FIG. 3 . - The (B-V, V-K) diagram. Error bars have been plott-
ed where the probable error in V-K exceeds .04 mag. The symbols 
a re those of Figure 2 with a short vertical bar added to identify 
the contracting stars. 
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200 K. J hnson (1966) obtained a temp rature sea] b s don co l o r s by 
int rpolating an (I-L , log T) r lation for gian so dir c tly m_ s urd 
e ffe tive t mperature. Gre nst in et al . (1970) and Ve d e r (1 74a) hnv 
1 I 1 
fitt d bl ·kbodi s to h e ov rall energy di s tributi n . In thi s pap r WP 
adopt a s·mi l rt chniqu , substituting for blac kbod ' ~ th mod l s of 
II. In r f r e n c to th rath r s ubjective fitting proc dur e u sed pr vi o us l y 
mor formal me hod i s bri fly d escrib d below. 
W proceed by a s impl iterative technique. A any chosen t mp ral ur0 
a better fit is obtained to a color X-Y by a correction OT = A o (X-Y), 
XY 
wh e r O(X-Y) is the difference of the obs rved and model colors at tha 
t e mp ratur and AXY is th e slope of the (T , X-Y) r l Lion. 
e 
c rr ctions , requiring that at the fitted temperatur , 
o (R-I) + o (I -J ) + 0(1µ6 ) + o (H-K) + o(K-L) = 0 
We combin 
( 1) 
Such a combination weights the individual corrections according to th 
temperatur -1 s nsi tivity of that color (AXY). We have carried out thi s 
proc dur for 20 stars without J-H deficiencies with well observed co l ors 
in he t mp ra ur range of th models. 
It is important to estimate the sensitivity of these t mpe ra ur 
stimat s o the deficiencies of the models sugg std in Paper II and , 1f 
possible, orr ct for them. Accordingly we have calculated another st o 
models with increased line blanketing at 7500 Rand with the H2 0 opaci y 
r duced by a factor of two . The colors of these mod l s (tog ther wilh ho -L 
of Pap r 1I) ar given in Table 2 . From the cons qu nt chang s , chi fl y i 
lµ and I-J, a syst matically higher temperatur for th calibrating s s 
of 100 Kat he hot end and 200 Kat th cool nd of th c alibration i s 
found. W c onsider the best temperature calibration for M dwarfs to li 
som wh r b Lwe nth alternatives, and adopt them an calibration gi v n in 
Table 3 and Figur 4. The differences between the two calibrations indi-
ct s h r ng of possible sys mati c error. 
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TABLE 2 
THEORETICAL BROADBAN D MAGNI TUDES 
T R I J H K L e 
40 0 0 6 . 35 5 . 90 4 .815 4 .065 3. 35 3 . 785 
. 565 5 . 925 4.8l r. 4.06 3. 05 3 . 76 
3750 fi . ] 5 6 .1 6 5 . 02 4 . 31 5 4 .17 3 . 9 4 6.' 75 6.205 5. 0 3 4. 305 4 .1) 5 1 . 805 
3500 7. 3' 6 . 4 5 5 . 245 4 . 585 4 . 4 5 4.14 5 7 . 4 4 6 . 5 2 5 . 255 4 . 54 4. 345 4. 06 
3250 7. 8 5 6 . 80 5 .515 4 . 8 8 5 4 .73 4 . 3 45 8 . 00 6 . 9 0 5 . <=2 5 4. 805 4. 6 1 4 . 255 
3000 8 . 41 5 7. 165 5 . 81 5 . 185 5 . 0 1 4 .555 8 . 6 4 7 . 31 c; , 81 5.085 4 . 89 4 .46 
Not s to Tabl e 2 : 
R, I ar o n th Kron s yste m 
J , H,K , L ar o n t he Joh ns o n s ystem 
Magn i tud s fr om t he a l ternativ mod e ls with str onger atomic line 
blank eti ng a nd weaker H20 are giv n b e l ow those from the mo d l s of Paper II. 
TABLE 3 
COLOR-TEMPERATURE CALIBRATION AND BOLOMETRIC CORRECTIONS 
log T R-I 1µ6 H-K BCR BCJ BCK BCV e 
T V-K I-J K-L BCI BCH BCL BCIJ e 
3.62 0.53 0.40 0.14 -0.09 1.51 2.35 -0.955 
4170 3.295 1.05 0.07 0.445 2.20 2.56 1.02 
3.60 0.635 0.445 0.165 -0.20 1.57 2.41 -1.11 
3980 3.515 1.12 0.09 0.44 2.24 2.625 1.04 
3.58 0.735 0.495 0.19 -0.31 1.625 2.47 -1.275 
3800 3.745 1.19 0.155 0.425 2.28 2.695 1.05 
3.56 0.83 0.55 0.21 -0.425 1.675 2.53 -1.455 
3630 3.98 1.26 0.14 0.405 2.315 2.765 1.055 
3.54 0.925 0.61 0.23 -0.545 1. 72 2.58 -1.65 
3465 4.225 1.335 0.155 0.385 2. 35 2.835 1.06 
3.52 1.02 0.68 0.245 -0.665 1.765 2.6.3 -1.855 
3310 4.48 1.41 0.18 0.355 2.385 2.905 1.05 
3.50 1.105 0.755 0.26 -0.79 1.80 2.67 -2.07 
3160 4.745 1.48 0.21 0.315 2.41 2.98 1.03 
3.48 1.195 0.84 0.275 -0.915 1.83 2. 71 -2.305 
3020 5.015 1.555 0.24 0.275 2.44 3.055 1.015 
Notes to Tab'le 3 : 
V is VE 
R, I are on the Kron system 
1µ6 is m(7520) - m(l0235) using the relative absolute calibration of 
Hayes and Latham (1975) 
J,H,K,L are on the Glass system (see §II) 
BCIJ is "'bo1 - IJ 
FIG. 4 . - The twenty calibrating stars and derived temperature 
calibration. 
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Comparison of the present temperature calibration with the previous 
calibrations by Johnson (1966) and Veeder (1974a) may be referred to the V-K 
color. Figure 5 shows that our calibration is slightly hotter at the hot 
end and considerably cooler at the cool end than either of these calibra-
tions. Nonetheless, the discrepancy is within range of the large uncer-
tainties, which result from our inexact knowledge of the line blanketing 
and affect the fitting either of models or blackbodies to the comparatively 
well determined energy distributions. 
The temperature calibration derived from the 20 best observed stars 
has subsequently been applied to the remaining program stars of apparent 
solar composition. For these stars the temperatures obtained from the most 
sensitive indicators, R-I and!µ~, have been averaged. For the metal defic-
ient stars, however, R-I cannot be used, and yet there are insufficient 
stars of known [M/H] (Paper III) and completely measured colors to deter-
mine a separate calibration. The one exception is Yale 1181. For this star 
we derive T = 3520 + 40 K, following the full procedure of fitting the 
e 
colors to the normal and alternative models of appropriate composition 
([M/H] = -.5). At this temperature we find that the lµ gradient of Yale 1181 
is only .01 mag bluer than that of the calibrating stars of solar composi-
tion. Accordingly, the lµ gradient calibration for solar composition has 
been used to estimate the temperatures of the metal deficient stars. We 
have included the small correction o lµ~/o[M/H] = .02 for stars of known 
[M/H] from Paper III. The results for the remaining program stars are given 
in Table 5. 
FIG. 5 . - The derived temperature calibration and bolometric 
corrections (solid curves) are compared with those of Johnson 
(1966) (plus signs) and Veeder (1974a) (dashed curve). The open 
circle denotes the effective temperature of the eclipsing binary 
YY Gem. 
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TABLE 4 
LUMINOSITY AN D TEMPERATURE , 20 CALIB RATING STARS 
Nam log T 
rnbol 
~ol O(m-M) 
y 1255 3 . 563 6 .41 7.56 
. OS y 1755 3.480 7 . 52 9 . 68 
. 03 Y 22 7 AB 3.512 8 . 16 9 . 02 * 
. 10 V 56 3 . 540 7.63 7 . 93 
. 10 Y 3296 3 . 463 8 . 72 9 . 74 
. 07 y 3375 B 3 . 545 6 . 49 7 . 77 
.1 0 y 3458 3.504 8.49 9 . 41 
.08 y 3501 3 . 5 20 7 .4 2 8.56 
. 06 Y 37% 3 .480 7 . 79 9. 77 
. 05 y 384 '- l\8 3 . 510 7 . 03 8.75 * 
. 05 y r:s 3. 518 7.46 9 . 13 
.08 y 3992 3.455 8 . 43 10 . 07 
. 05 y 4 8 3.580 7 . 8 7 . 54 
.1 5 y 47 4 3 . 582 6 . 73 7. 82 
. 06 Y 5117 3.585 5.52 7 . 60 
. 07 Y 51 0 3 . 532 7 . 0 1 8 . 66 
. 0 7 y 5 58 3. 501 8 . 27 8 . 52 
. 10 y 554 3 . 473 7 . 78 9 . 38 
. OS Y 5572 3.603 
. 83 7.40 
.1 0 Y 5584 3.552 5.90 8 . 13 
.1 2 
*Mean component 
TABLE 5 
LUMINOSITY AND TEMPERA TU RE , REMAINING PROGRAM STARS 
Nam 1 g T 
"bol l\01 o (m-M) e 
y 392 3 . 583 7 . 68 7.27 
. 25 y 422 3 . 556 11. 20 9.26 
. 49 y 450 3 . 555 8. 53 8.53 
. 13 y 642 3 . 608 8 . 05 7.05 
.1 8 y 757 3. 510 11. 37 9.38 
. ss y 1121 3 . 545 10 . 78 9 . 22 
.37 y 1181 3 . 546 7 . 49 9.53 
. 06 y 1305 3.462 9.02 10 . 12 
. OS y 1430 3 . 561 6. 71 7 . 3 
.OS y 1641. 1 AB 3 .495 8. 72 9. 77* 
. 21 y 1809 B 3.613 7 . 93 7 . 5 7 
. 36 y 2299 .1 3.508 8 . 71 8 . 62 
.18 y 2456 3.534 7.93 8 . 50 
.17 y 2512 3 .569 9 . 72 9 . 58 
.28 y 2 51 3 . 596 7.37 7 . 17 
.14 LFT 1086 3.536 12 . 21 y 3547 3 . 493 9.78 10.00 
. 15 y 3783 .1 3.505 10.78 10.89 
.21 y 24 C 3 .517 8 . 63 9 . 36 
. 08 y 4098 3.464 7.17 10.86 
. 0 1 y 4133 3.553 7.86 8.56 
. 09 
LFT 14 7 3 .569 11.16 8 . 47 +l.04 
- . 70 y 4472 3 .49 4 8.97 8.92 
. 13 y 4 24 3 . 606 7.85 7 . 47 
.15 y 5084 3.539 9 . 40 9 . 24 
.17 y 5817 3 . 540 7 . 01 8 . 77 
. 08 
(b) Bolome tric Corrections 
Having d termined the ef fective temperature best fitting each of th 
20 calibrating stars , we proceed to raise or lower the model ' s spectral 
e nergy distribution to equalise its total fl ux to that of th star. Thi s 
correspond s to fixing the ste llar radius . The procedure is described in 
detail elsewh re (App ndix 2) and yields the bolometri c corrections 
(BC = ~ - X) of Table 3 . X bol 
In Figure 5 our d e rived bolometric corrections are compared with 
thos of Johnson (1966) and Veed r (1974a ). Th e differences appear to be 
c hief ly in h zero point chosen by the respecti v e authors , . 0 and -.14 for 
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0 BC , compared with th prese nt -.07. Leaving asid this c ur iously un s t d 
conv ntion, w_ conclude tha with the present corr c ions ~ol can b 
det rmined i n this temperature range as well as trigon me ric parallax s 
will p rmit. 
VI. BLANKETING AND THE SPREAD OF THE DISK MAIN SEQUENCE 
The signi f i cant spr ead of the main sequence for disk s tars for R-I > 
. 7 i s r ead ily appar nt i n the color-magnitude diagram of Figure 2 (b). Th 
rea lity of his spread in the (~01 , log Te) plane has r ceive d the attn-
ion o f a number of authors . Spinrad (1973) has commented that the opera-
ional defi nition of a unique lower main sequence seems subject to d oub 
Eggen (1 9 73) has poi n ted to t h e presence of undetect ~d binaries and t he 
possibility of a spread of ages in the old disk population. Veeder (1974 a) 
has noted a n intri nsic spread in ~ol of+ 0 .4 mag, but goes on to argu 
t ha t t h spr ad d isappears if account is taken of the e ffec t s of line blan k-
e ting in th e color-magnitude diagram. 
~pecifically , V ed r is concerned wi t h the apparent supe rluminosity 
of a group of M dwa rfs similar to those of §rrr , but se lected on a differ n 
criterion . H finds that , on average , the emission line stars (dMe and K 
lin e mitt rs ) li e 0 . 3 mag abov e the mean in the (t\
01
, V-K ) plane . How v r, 
h r j ec t s t hi s appare nt superluminosity as a spurious effect p rodu c d by 
syst ma tically great r lin blank ti ng in t hese stars . H also points ou 
hat som 
miss ion line s tars have old disk motions , must be - 10 9 years old, 
a nd s hould h v comp l t ed th i r contraction to the mains quence . 
Both th s arguments ar relevant to our previous discussion of th 
di s k stars i n h (J- H, H-K) djagram from whi c h we in f rr d that a real 
spr ad in luminosity w s pres nt. Firstly , regarding the age of contractinq 
s ars , w no 
t h at the 10
8 
year isochrones of Grossman et al . (1 974 ) li 
> 0 . 5 mag abov e he'r 10 9 y e ar ZAMS lin. Th e obs rv d hight of th 
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contracti ng stars of §III above the mean disk main sequence is 0.5 mag. 
This wou l d extend to 1.0 mag if a lower envelope were chosen as a ZAMS. We 
do not consider it unreasonable that a few stars with old disk motions may 
be only 10 8 years old. Secondly, regarding the blanketing effect, we examine 
Veeder's (1974a) arguments below. 
Veeder has suggested that the spread of the disk main sequence in 
color-magnitude diagrams may be attributed to differential line blanketing. 
He sugges ts that the blanketing by lines and bands at U,B,V,R and I is 
strongly correlated, tending to redden the colors U-K, B-K etc (hereafter 
denoted Y.- K), assuming that the K magnitude is relatively unblanketed. The 
extent of this reddening is measured as a horizontal shift of the star in 
the (MK, V-K) diagram back to a left hand, relatively unblanketed envelope. 
The shift is denoted O(V-K) in Figure 6. Veeder finds that by scaling this 
shift, he can similarly reduce the stars in the (~, X-K) diagrams to a 
tight left hand envelope. The constant scaling factors, F(X-K), suggest 
strong correlation of the blanketing at different wavelengths. The remark-
able success of this procedure makes it attractive, in spite of the size of 
the shifts (averagely 0.5 mag in V-K) and difficulties identifying a physical 
cause of their variation. 
However, it is not hard to see that the slopes of the left hand 
envelopes in the (~, X-K) planes may be so related that compression of the 
main sequence is achieved, even if the spread in the color-magnitude diagram 
~s due entirely to an intrinsic spread in luminosity at constant temperature. 
In Figure 6 we suppose that a star actually lies a constant amount OM above 
the envelopes in the (~, X-K) planes. The envelopes have slopes S(X-K). 
Veeder's procedure will shift such a star to the left by an amount 
o (X-K) = o(V-K) x F(X-K). The residual distance of the star from the 
envelope is 
FIG. 6. - The effect of Veeder's (1974a) blanketing procedure 
on stars which are superluminous in the color-magnitude diagrams. 
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Qui t simply , 
1 2 4 
R(X-K) = OM/S(X-K) - o(V-K) F(X-K) 
= 0 (V-K) (S (V-K) /S (X-K) - F (X-K)) ( 2 ) 
o (V-K) - OM/S (V-K) 
h remaining scatter in t he (M, X-K) planes will b s m 11 K 
if th ratio o f the slopes of the e nvelopes is clos to the ratio of the 
scaling facto rs used. Measurements of the envelop slope i n th linear 
r e gion 4.5 < MK < 8 . 0 i n the figures given by Veeder (1974a and 1974b) ar 
given in Table 6 , toge the r with the residual scatter pr diet d by equa tio~ 
(2) for them an o (V- K) of 0.5 mag in this region. This is of the order [ 
the r sidual seat robs rved. 
X 
u 
B 
V 
R 
I 
TABLE 6 
BLANKETING PARAMETERS 
S (V- K) F (X-K ) Diff-
S (X-K) erence 
1. 20 1.00 0 . 20 
1.15 1. 00 0 .15 
:: 1 =l =0 
0 . 6 4 0 . 65 - 0.01 
0 . 17 o. 30 -0.13 
R(X-K) 
±0.10 
±0 . 075 
=O 
±0 .005 
±0.065 
Henc it is clear that , by the blanketing procedure di scussed abov , 
we canno rul out , as Veeder doe s , the possibility that luminosity dif f r-
nces in s tars of similar tempera ure contribute significantly to the spr d 
of th disk mains quence for M dwarfs. 
Th e r lativ importance of a luminosity spr ad and a color spread a 
constant mp rature may b e s timated by plotting the b es t obs rved temp a-
ture indic s , R-I and V-K, against the least blanket d t mperature ind x, 
l u6 . Th 10 scatter for stars wi thout J-H deficiencies i n the r espectiv 
colors i s +.03 , . 07 mag. The slope of the blanketing vectors estimate d 
125 
from the previous discussion of Yale 1181 is very steep (-12,30), so that 
.03 and . 07 closely represent the spread in R- I and V-K at constant temper-
ature. These will also be the limits on the relative accuracy of tempera-
tures obtained from the calibration of the previous section. 
We conclude that, after exclusion of the J-H deficient stars, the 
effect of blanketing in scattering the temperature indices of M dwarfs is 
considerably less than found by Veeder (1974a). Without a more careful 
study based on the spectroscopic deblanketing of scans, the spread of the 
disk main sequence cannot be exactly apportioned between a luminosity spread 
and a color spread due to blanketing. However, the above estimates suggest 
the color spread is a second order effect, approximately equivalent to the 
mean para llax error of the reliable parallax stars in Figure 2(b). In 
particular, the effects of blanketing pose little or no challenge to the 
superluminosity of the contracting stars of §III. 
VII. THE (~OL' LOG Te) PLANE 
(a) Observation 
Now that the effects of differential blanketing and composition have 
been determined, the location of the populations identified earlier may be 
examined i n the HR diagram. Values of ~ol and log Te from Tables 4 and 5 
are plott ed in Figure 7. To obtain a sample as pure as possible, just as 
in the earlier color-magnitude diagram (Figure 2(b)), we have excluded the 
known unresolved binaries and stars with a modulus error greater than 0 . 15 
mag. Thi s limit has, however , been relaxed to 0.5 mag for the parallax sub-
dwarfs (Eggen 1973, Table 2) to retain a workable sample. 
The structure of the lower main sequence suggested in our study of 
the JHK diagram can now be clearly seen in the (~01 , log Te) plane. In 
Fi gure 7 three loci representing the disk main sequence of solar composition, 
FIG. 7. - The (~
01
, log Te) plane. The criterion for inclusion and symbols used 
are the same as for Figure 2(b). The relative temperature errors and maximum para-
llax error are shown in the upper right hand corner. The uncertainty in the 
absolute temperature calibration is shown with horizontal error bars. The three 
dashed lines are explained in the text. 
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the contracting stars and the halo stars are shown as da s hed lines . Th 
relative rrors among the stars without J-H deficienci s due to residual 
diff rential blanketing and parallax errors are denoted by the error box; 
the large systematic uncertainty of the absolute temperature seal i s al so 
s hown. 
Firstly, we note that isolation of M dwarfs of different age and 
composition allows tighter d e finition of the main sequence p opulated by th 
remaining solar composition stars. The first dashed line , labe lle d ZAMS, 
i s fitted to thes e stars and may be presumed to define the locus of un-
evolved s tars of solar composition at the completion of their gravitatio na l 
contraction. In fitting this line we have not considered the stars Yale 
2951 , 4398 and 4924 which are of the largest admissible parallax error. W 
have also omitte d Yal e 4472 which appears as an interloper among th e con-
tracting stars. The remaining stars , which are of both young and old di s k 
kinemati c populations , fall about the ZAMS line almost within the range 
ascribed to differential line blanketing. The surface gravity of thes 
s t ars may b e estimate d from Eggen ' s (1974) mass-luminos ity law for stars 
in th s olar ne ighbourhood. The results are shown in Table 7 and c onfirm 
that log g 4. 75 used in th e models earlier was reas onably app rop riat 
The quote d rrors ari s e from the t e mperature calibration alon . 
TABLE 7 
SURFACE GRAVITY ON THE ZAMS 
log T 
e 
3. 60 
3 .55 
3 . 50 
~ol 
7. 35 
8 . 3 5 
9.35 
.10 
.18 
.26 
[ g] 
±. OJ 
± .06 
About . 5 mag above th ZAMS line lie six star o f lower gravity 
pr s um d t o b s ill und rgoing gravitational contracti o n. Also l y ing wi h 
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these is the interloper Yale 4472. By fitting a line labelled " C" to th s 
stars we do not mean to imply that contracting stars do not lie between 
this and the ZAMS line or indeed above it. We simply di scuss these stars 
as a group with apparently similar properties . We recall that the eviden c 
that these stars are really still contracting is not simply that they are 
superluminous (in which case they might be just undetected binaries). They 
were originally identified in §III from their high J-H values, a property 
of lower gravity stars suggested by the models. Five of the six stars 
measured also showed weak CaH bands in Paper III, a second indicator of low 
gravity. These gravity indicators have only been theoretically calibrat d 
from the models; both calibrations are affected by uncertain line blanketi ng. 
However , a value 6 log g - -.5 for these stars is a plausible estimate. A 
mor e reliable calibration would permit precise determination of the mass of 
these contracting stars. Formally , we note that at constant temperature 
[g) = (M] - [L] suggests [M] = -.3, a lower mas s than a corresponding ZAMS 
star by a factor of two. If this is so, the low mass stars isolated her 
cool asymptotically on to the main sequence; however , the uncertainties do 
not permit any more than speculation on this point now. 
Below the ZAMS line but quite close to it fall the DOD stars . (Th re 
are two xceptions with uncertain parallaxes.) We recall that these stars 
lie amongst the subdwarfs in the JHK diagram. We have suggested that these 
stars may be metal deficient. However, the evidence is certainly question -
able. Th s ven DOD stars tend to lie with the subdwarfs in the (B-V, V-K) 
diagram , but only one of th e five measured shows weak TiO bands (Pape r II I ) 
and an R-I deficiency at constant temperature. Could these stars simply be 
older and of higher gravity? We note that we canno di s criminat b tween 
high gravity and metal deficiency in the JHK diagram. How v r , if th 
majori. y of disk stars are still contracting to th main sequence , contra c -
tion tim s longer than 10 9 years are required, beyond the present 
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theoretical estimates (Grossman et al. 1974). A second alternative to our 
hypothesis of metal deficiency is that the DOD stars are evolved. The 
evolutior. of such low mass stars is approximately parallel to the main 
sequence, but has a dominant blueward component. There are, however, even 
stronger objections to this possibility. Firstly, we note that the evolu-
tion of dwarfs is extremely slow, certainly slower than that of somewhat 
more mas sive stars which do not show an evolved lower envelope. Secondly, 
for stars less massive than 0.3 M, which are completely convective, we can 
0 
trace this evolution from ZAMS.·models of increasing molecular weight (Iben 
1964). Schwarzschild's (1968) equation (10.23) implies a 6Y of only .05 in 
10 10 years. Figure 8 shows the extent of this differential effect in the 
interior models of Copeland et al. (1970). Although we might expect very 
old low mass stars to form a lower envelope to the main sequence in the HR 
diagram, we notice no gravity change in the interior models, which could 
produce the J-H deficiency of the DOD stars. We are left with the hypothesis 
of metal deficiency, perhaps disguised by a high 0/C ratio, to explain the 
DOD stars . However, spectral analysis should be undertaken to examine this 
question. Moreover, further observations of other stars in this region of 
t he (MI, R-I) plane of Figure 2(b) should be undertaken to test whether the 
r egion is exclusive to DOD stars. JHK photometry to better than .02 mag is 
required. 
F rther below the main sequence lie the halo stars. The small sample, 
partly affected by large parallax errors, is separated from the ZAMS line by 
-0.9 mag at constant temperature. This is a substantial reduction of the 
-1.4 mag separation in the (MI, R-I) plane, and is an important result of 
the present relative temperature calibration. It is now possible to exam-
i ne, at least tentatively, the composition dependence of the mass-luminosity 
and mass-radius relations for low mass stars . If a composition dependence 
is introduced into the mass-luminosity law so that, 
FIG. 8. - The present main sequence calibration (MH) compared with theoretical ZAMS lines. 
veeder's (1974a) calibration is also shown. The models of Copeland et al. (1970) (CJJ) are 
shown with crosses and labelled with their composition (X,Z). The models of Grossman et al. 
(1974) (plus signs) are denoted GHG. The asterisks denote 0.3 M models. 0 
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[L] = 3.5 [M] + s [M/H] (3) 
where s a log L I 
- d [M/H] M 
then , comparing a halo star with a solar composition star of the same 
effective tempe rature, we obtain, 
s [M/H] = 6 ~ol - 3.5 6 log g (4) 
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Values of s [M/ H] within the range O < 6 log g < 0 . 5 are given in Table 8. 
TABLE 8 
INTERDEPENDENCE OF MASS-
LUMINOSITY AND RADIUS RELATIONS 
6 log g 
0.0 
0.3 
0.5 
s [M/H] 
0.90 
-0.15 
-0.85 
In §III a range of parameters for halo stars: -1.3 < [M/H] < -0.4, 
6 log g < 0.5 was found consistent both with their position in the JHK 
diagram and the ir band strengths (Paper III). These results depend upon th 
a ssumption of a solar 0/C ratio in the halo. From TiO band s trength s the 
four halo stars in Figure 7 at log T - 3.55, which essentially define t h e 
e 
halo seque nce here, all have [M/H] - -0.5 and thus lie c lose t o the uppe r 
limits above and the third entry in Table 8. 
Two still more subluminous stars are members of the disk population 
(Paper III), although listed as parallax subdwarfs by Eggen (1973). These 
stars (Yale 251 2 and 3783.1) , unlike the other stars with apparently larg r 
parallax errors, have only singly determined parallaxes . Their weights 
are the lowest in Eggen's table 2 and the errors quoted in Woolley's catalo g 
13 2 
are purely internal errors . We suggest , therefore , that these parallaxes 
are in fact in error , and that the stars migh t be expected to fall closer 
to the remaining DOD stars. 
(b) Comparison with Interior Models 
We have derived a picture of the lower main sequence which is in 
qualitative agreement with the predictions of interior models for low mass 
stars. Figure 8 shows , however, that the quantitative agreement leaves 
much to be desired. Copeland et al . (1970) have remarked on the poor 
agreement of thei r temperatures for the low mass ZAMS with observations. 
Grossman e t al . (1974), who have steadily developed the constitutive physics 
in their evolutionary program and include non-grey atmospheres at the sur-
face of their models , have moved their 10 9 year isochrone (identified with 
the ZAMS) much closer to the observed temperatures. The low temperatures of 
the present scale, however, have increased this separation at the cool end. 
Copeland et al . have found little sensitivity of the low mass ZAMS to the 
convective mixing length parameter (a contrast with the situation for red 
giant stars). 
Turning briefly to the contracting stars, we may derive an age of 10 8 
years from the isochrones of Grossman et al ., considering only the height 
above the main sequence. For all but their lowest mass models, contraction 
is perpendicular to the ZAMS, contrary to the tentative results of the 
e arlier gravity calibration. 
Finally, for the metal deficient stars Copeland e t al . find 
6 ~ol = 0.6 f o r [M/H] = -.8 at log Te - 3 . 59. In comparing the luminosity 
difference with observations we us zero age results as applicable to the 
halo (a good a pproximation in view of the earlier burning rate calculation), 
and enter the observational and theoretical ZAMS at ~ol - 8.5 to minimi s 
the effects of the absolute temperature discrepancy noted earlier . The 
corresponding bservational results are 6 ~ = 0.9 for [M/H ] = -.5 at bol 
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log Te - 3.55. A marked difference between observation and theory with 
important consequences for the mass-luminosity relation is the gravity 
difference between metal deficient and solar composition sequences. 6 log g 
of 0.1 from Copeland et al . must be compared with 6 log g almost 0.5 for 
the four halo stars discussed earlier. 
We stress, however, that these differences may still be within the 
range of observational uncertainty. In Paper III it was estimated that a 
correction of 6 [M/H] = -0.3 would be required at [M/H] = -0.4 if the O/C 
ratio in the halo were, say, twice the solar value. Such an increase in 
the 0/C value would itself contribute to the J-H deficiency of halo stars , 
reducing the estimate of 6 log g to zero for these stars (if the H2 0 
blanketing in the models is not excessive at H). Alternatively, the fact 
that anomalously large 6 log g values are suggested for both halo and con-
tracting stars may indicate that the gravity sensitivity of J-H is gre ater 
than the model s predict. A change by a factor of two would resolve both 
problems. 
More refined models are required to settle these interesting questions. 
However, there is also an urgent need for further abundance determinations 
of the halo stars, better parallaxes and Population II models with improved 
constitutive physics. 
VIII. CONCLUSIONS 
Three populations of differing composition and age which together 
make up the lower main sequence have been distinguished on a physical basis 
from their atmospheric parameters. These populations are also separated in 
the HR diagram and have been identified by Eggen (1973) on a kinemati c 
basis. They are: 
(i) the young, contracting stars, superluminous in the HR diagram and 
distinguished by their lower gravity, 
(ii) a reference, "zero age" main sequence, 
(iii) the oldest, "halo" stars, subluminous in the HR diagram and dis-
tinguished by their metal deficiency. 
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A fourth population ("DOD " stars) , mildly subluminous and apparently metal 
deficient is of more uncertain status. 
Th basis of the present population separation has been the (J-H, H-K) 
two color diagram, in which J-H is sensitive to photospheric gas pressure 
over a range of H-K. The JHK diagram offers a more cl ar cut separation 
of populations (notably of the contracting stars) than other bases (e.g. 
kinemati cs or the presence of emission lines), which appear to be of a more 
statistical nature. 
This better defined separation greatly assists quantitative discussion 
of the component populations of the lower main sequence. The effects of 
line blanketing have been examined and a luminosity and temperature calj-
bration for M dwarfs presented together with its composition dependence. 
Although absolute temperatures are still affected by quite large uncertain-
ties, this calibration shows c l arly the structure of the lower main sequence 
in the (~01 , log Te) plane. 
A number of unresolved questions , however, have also been raised, 
which require further theoretical and observational work. Development of 
the surface gravity criteria discussed here should elucidate both the rate 
and direction of contraction to the main sequence and the composition 
dependence of the mass-luminosity law. The 0/C ratio of metal deficient 
stars is an ou s tanding question, as is the status of the DOD stars. It is 
also desirable to continue the present study to the limit of the main 
sequ ence . Of particular interest is location in the JHK diagram of the 
coolest halo st rs, whi ch do not appear subluminous in the (M, R-I) plan . 
I 
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APPENDIX 1 
EXTINCTION CORRECTIONS 
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Throughout this work standards were measured at a range of air masses 
to determine the nightly extinction. On most nights the remeasurement of 
one standar d at large air mass (but still less than 1.5) was given the 
highest weight. Mean extinction corrections of .17, .17, .12 and .15 at 
J, H, Kand L respectively have been derived; these were used when individu-
al results were inconclusive. Departures of more than 50% from the mean 
coefficients were fairly rare at least at J, Hand K. Extinction in these 
bandpasses i s probably not a limitation on the relative accuracy of meas-
ured colors. 
However, on theoretical grounds one would not expect the extinction 
law in the infrared to be linear with air mass. The absorption at these 
wavelengths is chiefly due to molecular bands, and, just as in the case of 
line blanke ting in stellar atmospheres, a single broadband extinction co-
efficient gives a poor approximation to the transmitted flux. In Figure 9 
we show the form of the extinction law predicted by a model of atmospheric 
extinction developed by Hirst and Robinson (1972). The absorbers considered 
in this wavelength region are H20 and CO2. The absorption is given in mag-
nitudes at J and K for a site 1 km above sea level in a standard atmosphere 
containing 1 cm of precipitable water vapor (- 6 mm above the observer). 
It is immediately apparent that extinction corrections made from the gradient 
between one and two air masses are a serious underestimate. However, as 
Jones (1969) has pointed out, the discrepancy, 6, will be of no consequence 
provided it is the same for all stars, as the zero point of the natural 
photometric system is arbitrary. Figure 9 shows that 6 for blackbody 
sources at 3000 Kand 10000 K differs only slightly at K. Similar results 
(o - .01 mag) are found for the Hand L bandpasses. For the J bandpass, 
however, we find o - .04 mag with the above "site" parameters. The effect 
FI G. 9 . - Solid curves: theoretical extinction in 
magnitudes as a function of air mass for the J and K 
windows and two source temperatures. Dashed curves: 
conventional linear extinction corrections. 
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may be traced to strong H2 0 absorption within the filter bandpass between 
1 . 35 and 1 . 45W. The present e x tinction model may not be quantitatively 
accurate ; nevertheless , as such a discrepancy would introduce a color term 
into the relative flux calibration of Paper II , the matter requires further 
investigation. 
Observationally , the suggested curvature in the extinction law will 
be hard to detect , as the main effect is between zero and one air mass. 
Furthermore , if an extinction law proportional to air mass to the one half 
or one third power were confirmed, observations at the large air mas s 
required to d ete r mine the extinction routinely would not be practicable. 
In fact it seems best to accept that infrared photometry is corrected prop-
erly for extinction by weak lines but not by saturated lines . The effect 
of t hese saturated lines may , perhaps , be approx imated by introducing 
block ing factors into the photometer response functions of Johnson (1965b). 
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A P P E N D I X 2 
BOLOMETRIC CORRECTIONS 
Bolometric corrections may be determined e mpiri c ally for individual 
stars by integrating the observed energy distribution 
BC = ~ - M - 2 .5 [! F av] bole v v (5) 
where the square brac kets denote the log of the enclosed quantity in solar 
units. One may also calculate theoretical bolometric corrections as a 
function of atmospheric parameters 
BC = BC + V - V - 10 [T] 
0 0 e (6) 
where v = -2.5 log Fvv + v0 (7) 
in the notation of Paper II. The theoretical approach will take into account 
the strong wat e r vapor bands between the infrared windows, and we consider it 
better adapted to the present case . Howe ver , t he traditiona l bolometric 
corrections to the V magnitude are a strong function of temperature and poor-
ly suited to late type stars. Accordingly, we formally extend the definitio n 
of a bolometri c correction to 
BCX = ~ol - X (8) 
where Xis any broadband magni tude, as has been done implicitly by Eggen 
(1971), who us s ~ol = IJ + 1. Such bolometric corrections may be derived 
from the models using 
BC = BC + V - X - 10 [T] 
X 0 0 e (9) 
The broadband magnitudes , X, for solar composition models are given in 
Table 3. Their zero point has been arbitrarily set s o that 
140 
= 4.83 + 2.5 log FV V@ (10) 
Their differences are, of course, the colors of Paper II, obtained using 
the relative flux calibration given therein. Bolometric corrections are 
then derived from equation (9), using BC = -.07 (Davis and Webb 1970) as 
0 
the zero point of the bolometric magnitude scale and T = 5768 K (Allen 
e0 
1973). F was calculated from Allen's smoothed flux of the mean solar 
V V0 
disk. 
We do not use the above bolometric corrections directly, but with 
them complete the fitting of models to the 20 calibrating stars of the 
previous section. Having determined the effective temperature best fitting 
a particular star, we proceed to raise or lower the model's spectral energy 
distribution to equalise its total flux to that of the star. This corres-
ponds to a determination of the stellar radius. If the residuals when 
this fit is achieved are ox mag and the fraction of the flux in the X band 
pass is f x, the single bandpass estimates, X + BCX are averaged 
= E fx (~ol + ox) = ~ol 
X 
(11) 
since E fx ox= 0 for flux constancy. The weighting factors fx are easily 
calculated for either models or blackbodies. We have carried out this 
procedure for the 20 calibrating stars using both the models of Paper II and 
the alternative models of §v. The result for the latter models differs only 
slightly by a systematic -.02 mag. As before, we use the mean of the two 
estimates. The results are shown in Table 4. In Table 3 bolometric correc-
tions fo r single bandpasses obtained from the mean curves of Figure 10 are 
given. 
Errors in the assumed atmospheric parameters produce very small 
changes t o the bolometric corrections. An error in the temperature estimate 
of +100 K will change ~ol by only -.005 mag at 4000 Kand -.01 mag at 3000 K. 
Use of [M/H) = -1 models rather than solar composition models changes 
FIG. 10. - The twenty calibrating stars and derived 
bolometric corrections. 
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CHAPTER 5 
THE COMPOSITION OF KAPTEYN'S STAR AND THE 
M SUBDWARFS 
J. R. Mould 
ABSTRACT 
The metal abundance of the nearby M subdwarf Kapteyn's star is 
obtained from a 10 ~/mm spectrum in the near-infrared. The weighted 
mean value of [M/HJ is -0.55 ~ .15 (p.e.), confirming an earlier 
estimate from the strength of the TiO bands. The 0/C ratio in Kapteyn's 
star is within a factor of two of the solar value. The effect of pres-
sure broadening in a cool subdwarf atmosphere is to s t rengthen the lines 
of the Ca II IR triplet relative to those of a main sequence star of 
equal tempe rature. 
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I. INTRODUCTION 
In a pr vious paper (Mould and Hyland 1976, Paper IV) M dwarfs of 
the halo population were found to lie on the average O. mag blow th z ro 
age mains qu nee in the (~01 , log Te) plane. The rue subdwarf natur f 
these stars wa s attributed to a lower metal abundance estimated from the 
relative weakn ss of their TiO bands (Mould 1976a, Paper III). Th s abund-
anc stimat s w re the first t ntative abundance det rminations for M 
dwarfs and wer made from a theor tical calibration on th hypothesis of 
uniform metal deficiency ([M/Fe) = 0) with a simplified model of the band 
opacity. In Paper III the surprisingly mild metal deficiency (M/H - - 0.5) 
of some apparently extreme subdwarfs (such as Kepteyn's star) was contrasted 
with [M/H) = -1.3 obtained for the earlier type subdwarfs HD 25329 (KlV) and 
103095 (G8Vp) from high dispersion spectroscopy (Pagel and Powell 1966; 
Tomkin and Bell 1973). It was suggested, however, that a possible high 0/C 
ratio in the halo and a suspected scale error in the theoretical calibration 
might require substantial corrections to the results of Paper III. Recen 
work (Mount et al . 1975; Sneden 1974) has enhanced the former possibility. 
Accordingly, the present detailed spectroscopic inv stigation of the 
brighter M subdwarfs was begun. 
Kapteyn's star (Yale 1181, HD 33793, V = 8.9) is a comparatively 
bright M s ubdwarf lying - 1.l mag below the ma i n sequence and affords a unique 
opportunity o apply the techniques of high dispe rsion abundance analysis. 
In this paper the composition of Kapteyn's star is discussed using equival-
ent widths of w ak to intermediat strength lines from a 10 ~/mm coud' 
image-tub spectrum in an unblended near-infrared spectral interval. 
Instrumentation and meas urement ar discussed in §II and theor tical a s pects 
in §III. Es imat s of [M/H] from F I and Ti I lines are mad in §IV ; in 
§v the strength of th Ca II IR tripl tis also xamin d, allowing discussion 
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of a number of the fainter stars previously studi d. The pr sent r esult s , 
di scuss din §VI , tend to confirm the earlier abundanc s timates, bu 
mphasise th difficulty of determining the composition of M s ubdwarfs . 
II. OBSERVATIONS 
{a) Inst rumentation 
To avoid the crowding of atomic lines and contamination by mol cular 
bands, the reddest accessible spectral region was selected for obs rva ion. 
The int rval 8400 < A < 8800 ~ was chosen , lying between strong terrestrial 
H20 lin sat the s horter wavelength and the long wavele ngth cutoff of a 
Vara 8605 image -tube with e xtended 5-20 photocathode. This spectral interval 
contains the strong subordinate lines of the Ca II IR triplet. 
The image-tube combined high red sensitivity with good resolution, 
but gave a background level limiting optimum exposur s to 30 minu tes at 
ambient temperature. Accordi ngly , a simple conductive c ooling system was 
designed similar to that of Zappala (1971), but modifi d because of the 
ru tting 
reviously attached to th tube. Dry ice was used as the coolant 
and dry ni roge n blown over th face of the tube to prev nt condensation. 
Limiting xposures of 3 hours w re then possible . Wi h this s y s t m and the 
coude configuration (i) given below, a well-exposed 1.0 mm wide, 10 ~/mm 
spectrum of an IK = 5.5 mag star was obtained in 1 hour of average seeing . 
Rec iprocal 
Blaze Slit Dis~ersion Camera Grating Order 
Wid h Filter /mm Wave . 
µ µ 
(i) 10 32 " D 1.6 II 250 RGl ( ii) 40 32"+sph. B 0.8 I 500 GG14 
In the second configura tion (ii) the aplanatic sphere of Butc her (1974) wa s 
inserted in th camera beam. This gave a very fast lower dispersion s ystem 
designed for measGrement of the Ca II triplet lines alone . 
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The sp c~ra were recorded on dry nitrogen s nsitised IIaO pla s 
(McKinlay and P terson 1974) to match the blue phosphor of the image- ub 
Intensity calibrations were exposed on separate pla s using thew dge cal-
ibrator of the 1 . 9-m coude and were u sed to program the non-linear amplifi r 
of the Gottingen microphotometer , with which intensity tracings w r 
obtained. 
(b) Re uZts 
On th night of 1975 S ptember 18 srectra of four bright M dwarfs 
were obtained at 10 ~/mm. The spectra of the bright r old disk stars Yal 
5117 , 5584 w re widened to 1.0 mm; those of Kapteyn' s s ar and the J-H 
Deficient Old Disk star Yale 5817 ("DOD" in the notation of Paper IV) we 
widened to 0.7 mm. A number of Fe I and Ti I lines w re identified in the 
interval 8380 < A < 8600 ~ from the solar atlas of Moor et al . (1966). 
The planimetered equivalent widths of these lines are given in Table 1. I 
is immediat ly apparent that there is no marked weakening of the lines in 
the spectrum of Kapteyn's star, suggesting that these elements may indeed 
be only mildly deficient. Quantitative analysis is undertaken in §§III , IV. 
more x tensive program was carried out at 40 ~/mm of stars from the 
three populations which make up the lower main sequence (Paper IV). In 
particular an effort was made to reach faint members of the halo population, 
some att mpts involv ing long exposures widened to only 0. 25 mm. On one 
plate night sky lines of the OH molecule (Meinel 1950) are clearly present, 
but there is no evidence of contamination by moonl ight even on the longest 
e xposures . 
These lower di spersion plates are suitable for the meas urement of 
strong lines. The equivalent widths of the Ca JI IR triplet were plani-
metered for all the stars of Table 2 , a number of which have been observed 
twice. The mean la error of repeated measurements is +5 % for AA8542, 8662, 
but considerably greater for A8498 . The noticeably poorer image quality of 
the lower di spersion plates , due presumably to the d ploym nt of th 
TABLE 1 
OBSERVED EQUIVALENT WIDTHS OF NEUTRAL METAL LINES (~) 
Sp. Y 5117 Y 5584 Y 1181 Y 5817 
8582.27 
8518.40 
8515.12 
8514.08 
8468.42 
8457.15 
8450.88 
8438.92 
8435.65* 
8434.97* 
8426.51 
8412. 36 
8401.40 
8396.90 
8387.78 
8382.78t 
8382.54t 
Fe I 
Ti I 
Fe I 
Fe I 
Fe I 
Ti I 
Ti I 
Ti I 
Ti I 
Ti I 
Ti I 
Ti I 
Fe I 
Ti I 
Fe I 
Ti I 
Ti I 
Notes to Table 1: 
110 
165 
99 
199 
413 
50 
64 
77 
309 
326 
312 
232 
47 
155 
360 
227 
104 
155 
90 
184 
274 
52 
73 
88 
303 
332 
309 
202 
27 
161 
343 
215 
82 
X 
X 
208 
216 
36 
72 
87 
360 
395 
317 
241 
X 
260 
354 
234 
58 
X 
68 
139 
292 
51 
61 
68 
322 
353 
345 
264 
36 
188 
302 
285 
* These partially resolved lines have been separated 
in the ratio of their weak line strengths 
tThis equal blend has been reduced to one line with 
equivalent width 60% that of the total. This is 
the calculated fraction for the given strength and 
separation. 
X Obscured by atm H20 
J 4 
TABLE 2 
EQUIVALENT WIDTHS OF CA II LINES 
Name 
Y 450 
Y 757 
Y 1121 
Y 1181 
Y 1255 
Y 1305 
Y 1430 
Y 2267 
Y 2299.l 
Vys s 569 
Y 2456 
Y 2512 
LFT 775 
Y 2730 
Y 3079 
Y 33 758 
Y 3458 
Y 3501 
Y 3547 
Y 3845 
Y 3924C 
Y 3958 
Y 3992 
Y 4098 
Y 4133 
LFT 1427 
Y 4794 
Y 5084 
Y 5117 
Y 5584 
Y 5817 
log T 
e 
3.555 
3.510 
3.545 
3.546 
3.563 
3.462: 
3.561 
3.512 
3 .508 
3.540 
3.534 
3.569 
3.556 
3.445: 
3.56 2 
3.545 
3.504 
3.520 
3.493 
3.510 
3.517 
3.518 
3.455: 
3.464: 
3.553 
3.569 
3.582 
3.539 
3.585 
3.552 
3.540 
Notes to Table 2: 
log w 
(8542) 
3.43 
3.33 
3.42 
3.42 
3.425 
3.045 
3.405 
3.31 
3.29 
3.365 
3 .36 
3.39 
3.535 
3.13 
3.415 
3.35 
3.265 
3.26 
3.39 
3.21 
3.335 
3.27 
3.045 
3 .11: 
3.395 
3.525: 
3.475 
3.445 
3.45 
3.395 
3.395 
log w 
(8662 ) 
3.235 
3.225 
3.24 
3.31 
3.335 
3.025 
3.29 
3.26 
3.16 
3.235 
3.165 
3.27 
3.27 
2.905 
3.25 
3.18 
3.11 
3.10 
3.24 
3.10 
3.21 
3 .135 
2.995 
3.10: 
3.275 
3.40: 
3.32 
3.21 
3.275 
# 
112 
134 
114 
102 
102 
112 
102 
112 
212 
211 
102 
112 
124 
112 
202 
20 1 
212 
202 
114 
101 
212 
101 
112 
102 
102 
124 
102 
112 
Pop. 
DOD 
Halo 
Halo 
Halo 
coo 
DOD 
OD 
oo• 
OD 
CYD 
YO 
DOD 
Halo 
OD 
OD 
COD 
YD 
COD 
DOD 
OD 
DOD 
YO 
OD* 
Halo 
OD 
Halo 
YD 
Halo 
OD 
OD 
DOD 
The temperatures of the coolest stars (:) are from an extra-
polation of the color-temperature scale and are consequently 
uncer tain. 
Measurements of Y 4098 (:) are from a single overexposed 
plate. LFT 1427 (:) is badly underexposed 
Y 2267 and Y 3992 (*) are not superluminous in the HR diagram, 
although they do have a J-H excess (Paper IV) 
# (abc) decodes as follows: a= number of plates, 
b = average exposure time (to nearest hour), c = 1/width (mm). 
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aplanatic sphere, may be an important factor in these differences; however, 
night to night variations cannot be ruled out, especially for A8498 (§V). 
Equivalent widths of AA8542, 8662 for the program stars are presented in 
Table 2. 
For stars cooler than log T = 3.49 a shallow depression in the 
e 
continuum is evident in the interval 8430 <A< 8560. This is almost 
certainly due to the ~v = -2 bands of they system of TiO. For log T > 3.49 
e 
no depression is visible and no lines of TiO are identifiable in the higher 
dispersion spectra. However, for the coolest M dwarfs a spectral interval 
between the TiO opacity sequences would be preferable for reliable abundance 
analysis. The only such region accessible to S-20 tubes and clear of 
terrestrial lines is between 7470 and 7590 i. 
III. QUANTITATIVE ANALYSIS 
(a) Method 
The problems of molecule formation and line crowding have hindered 
the extension of the techniques of abundance analysis to M stars. Fujita 
(1970) has reviewed the difficulties and the current progress; Huggins 
(1973) has analysed a sample of M giants; there is no previous quantitative 
work on M dwarfs. 
Pagel (1971) has described three differential methods of abundance 
determination which may be abbreviated as follows: 
(i) synthetic spectra 
(ii) desaturation and comparison with the theoretical weak line strength 
(iii) single-layer differential curve of growth. 
Because of the complexities of ionization and association differing among 
the elements and illustrated in Figure l, reasonable caution has dictated 
the use of the first method. However, as the discussion of uncertainties 
in §§rv , v will attest, the present study cannot claim the accuracy of the 
FIG. 1. - The ground state occupation numbers of iron and 
titanium at 3750 Kand 3250 K. In the case of Ti ionization 
and association play a key role. 
log ~ 
-2 Ti I 
Fe I 
x 3750 K 
+ 3250K 
-3L----~--------~o~~l:og~T-
-2 
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"fine analys s'' of earlier type stars by method (i), but is rather a firs 
step in the abundance analysis of M dwarfs. 
{b) Cal ulation 
The program of Baschek et al . (1966) was used for the calcula ion of 
line profil sand equivalent widths . The atmospheric s ructure was drawn 
from theor tical line blanket d model atmospheres (Mould 1976b, Paper II). 
These calculations also provid d th run of continuous opacity with 
fr quency and optical depth (KV ).* The effects of molecular association 
were included in the program in the form of two ad ho modifications. 
(1) The ground-state occupation numbers (~ ) of relevant species (h re 
only Ti) were multiplied by the fraction of the species in atomic form 
(i.e. + + (Ti+ Ti )/(Ti+ Ti + TiO)) calculated in the equation of state of 
the model atmosphere . (In this and following expressions the symbols for 
given elements represent their number densities.) It was implied by Mould 
+ (1975) ( Pap r I ) that the fraction of titanium in forms other than Ti, Ti 
and TiO was n gligible in the temperature and pressure regime under con-
sideration . Sp cifically, we point out here that he ratio of Ti0
2
, the 
next most abundant molecule from the data of Tsuji (1 72), to Ti i s 1 ss 
than 1.3 x 10-
3 
for T > 2500 K, 5 < log P < 7. Th other key ratios of 
g 
relevanc her are: F /Fe < 2 X 10- 4 and CaOH/Ca < 3 X 10- 2 (for 
T > 3000 K). 
(2) Collisional broadening by molecular hydrogen (more abundant than the 
atomic form blow - 3500 K) wa s includ d by mean s of the following modifica-
tions of the quations of Baschek et al . (1 966 ). 
* 
A tabulation is available from the author on reques or may be calcula t d 
from th data of Paper II using th appropriate qua ion of state and 
opaciti s. 
( 21) : 
( 25) : kT 2 r; H 
H 
(1) 
(2) 
For G2, the ratio of collisional broadening widths of H
2 
and Hin the 
Lindolm-Foley theory, we have 
G2 == (a. /a. ) o ." (µ /µ ) o. 3 
H2 H H H2 (3) 
== 1/1.15 (c.f. G1 == 1/2.4192) (4) 
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Here a. is the polarizability of the broadening species andµ is its molecula 
weight. 
(Unsold 
-2 4 •• , 21+ O.H 2 == 0.79 x 10 (Landolt-Bornstein 1950) and a.H == 0 . 66 x 10-
1955) were used to evaluate equation (3). At a temperature and 
pressure close to those of M dwarfs Kusch (1958) has found this treatment 
of H2 broadening to be in satisfactory agreement with experiment. 
IV. NEUTRAL METAL LINES 
From the equivalent widths of Fe I a n d Ti I lines an estimate of the 
metal abu11dance of Kapteyn's star (and also Yale 5817) has been made in two 
differential steps. These two steps are outlined here and discussed in 
detail in the remainder of this section. 
(1) gf values derived from solar line strengths were used to predict the 
equivalent widths in M dwarfs of normal abundance. These values were 
compared with the measured equivalent widths of Yale 5117 and 5584. 
(2) gf values rederived (where necessary) from the primary reference 
star Yale 5584 were used to predict the equivalent widths as a function of 
metal abundance and compared with Kapteyn's star . 
Atmospheric parameters of these stars are given in Table 3. Effec-
tive temperatures have been taken from Paper IV . The ratio of excitation 
temperature to effective temperature has been taken from th models of 
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Paper II, assuming line formation at T - 0.2. In Paper IV relative temper-
ature errors were found to be 68 ~ . 015; however , the absolute temp rature 
scale was considered certain only to ~150 Kor 68 - .06. Surface gravities 
have also been taken from Paper IV, assuming a mass-luminosity l a w independ-
ent of composition . However, the absence of firm data on this question 
makes the gravity of metal deficient stars uncertain . The CaH band strength 
of Paper III suggests that Kapteyn's star has 6 log g = 0.1 ± . 4 relative 
to a main sequence star of normal composition. From the J-H defi c iency of 
Paper IV a value 6 log g - 0.5 was implied . The as s umption of a composi-
tion independent mass-luminosity law corresponds to 6 log g = 0.25 (Paper IV, 
Table 8), close to the mean of these values. 6 log g = 0.25 ± .15 i s adopted. 
log T 
e 
log g 
8 
ex 
TABLE 3 
ATMOSPHERIC PARAMETERS 
Y 1181 
3.546 
4.87 
1 . 46 
Y 5117 
3.585 
4.56 
1.44 
Y 5584 
3 . 552 
4 . 57 
1 . 44 
Y 5817 
3.540 
4 . 68 
1.47 
In the first of the two differential steps outlined above, values 
of gf were obtained for the metal lines of Table 1, using the equivalent 0 
widths of Moore et al . (1966) and the solar model described in Paper II. 
The solar logarithmic abundances of Fe and Ti were taken to be 7. 28 and 
4.82 r spectively (Foy 1972 , 1975). Van de r Waal ' s broadening was assumed 
with Unsold's (1955) interaction constant. Radiation damping wa s assume d 
to be ten times the classical value. With a microturbule nt velocity 
~ = 1.5 km/s a reasonable fit was obtained to the solar curve of growth of 
Foy (1972) for Fe I lines of - 2 e v excitation. From the values of log gf 
0 
so deriv d (Table 4) e quivalent widths for a grid of M dwarf mode ls we r e 
calculated. Th se equivale nt width s w r e interpolat din temperature a nd 
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slightly extr polated in gravity for comparison wi h t he stars Yal 5117 
and 5584 {Figure 2 ) . 
It is str essed he re that the theoretical curves in Figures 2 , 3 and 
4 are not strictly curves of growth. The a bscissa in these diagrams, 
log gf - ex , is not a complete e xpression for the theoretical w ak lin 
strength. However , these di agra ms do permit c ompari son of theory and 
observati on in simpl e and familiar te rms. Figure 2 s hows good g n ral 
agreem nt wi th the xception of a few systemati cally differi ng line s . To 
e nha nce t his agreemen t the microturbul e nce has been increased to 2 . 5 km/s. 
There are no measured lines s uf ficie ntly we ak to permit the confident separ -
tion of abundance and microturbul nee effects . Whe her or not s lightly 
increased microturbulence is a real property of M dwarfs cannot bes ated 
unequivocally. It is possib l e that this effect is spuriou s and r esult s from 
systema tically s lightly larg r equivalen t width s m asured with this sys e m 
{Burrell 1 75). Ev e n if neither of these e xplanat ions is correct , the 
measur d line strengths of Yale 5 84 ar not i nconsist n with he assump-
tion of approximate sol ar abundance in its use as a r f rence for diff r n -
ial analysis . 
Thus i n th second of he t wo differential steps outlined ear l ier 
the abund a n c of Yale 5584 {the star closer to Kapteyn ' s star in tempera-
ture) was t ak n to be so lar and h gf values of discrepant lines altered to 
agree wi t h obs r vation. Only thr e lines appear systematically discrepant 
in Yale 5117 and 5584 and the chang sin gf value are noted in Table 4. 
The grid of th or tical equivale n widths in Table 4 was ca lculated using 
these latter gf values and ~ = 2.5 km/s . 
Th e sensitivity of the ne utral meta l lines to abundance is s hown 
two temp ratur s wi d ly brack ting Kapteyn ' s star (, 3500 K) in Figure 3. 
In the simpl case of Fe I , Feb ing ne u tral and di ssociated at all 
t mperatur s , 
cl ar s nsitivjty o me al abundanc is d monst ated at 
1 57 
TABLE 4 
CALCULATED EQUIVALENT WIDTHS OF NEUTRAL METAL LINES cmR> 
A log gfe 4000 K 3750 K 3500 K 3250 K 3000 K Sp. X(ev) M/10 M/10 M/10 M/10 M/10 
8582.27 
-1.99 126 107 91 85 92 Fe I 2.99 61 53 48 49 49 
8518.40 
-0.55 160 150 128 117 120 Ti I 1.88 79 104 124 157 207 
8515.12 
-2.07 111 93 78 71 75 Fe I 3.02 so 43 38 38 38 
8514.08 
-2.43 208 199 197 209 260 Fe I 2.20 132 137 152 189 267 
8468.42 
-2.11* 304 286 296 328 425 Fe I 2.22 204 228 258 341 501 
8457.15 
-1.70 55 48 36 30 27 Ti I 1. 75 14 19 24 28 33 
8450.88 
-0.67 87 74 57 45 40 Ti I 2.25 27 34 40 45 48 
8438.92 
-0.51 104 90 70 57 52 Ti I 2.25 36 47 54 61 69 
8435.65 
-1.01 310 324 341 367 463 Ti I 0.84 199 299 419 644 1072 
84~4.97 
-0.93 330 342 361 389 493 Ti I 0.85 212 315 446 689 1150 
8426.51 
-1.15 282 291 302 327 409 Ti I 0.83 182 270 372 557 932 
8412.36 
-1.15* 205 210 207 214 256 Ti I 0.82 127 180 238 345 547 
8401.40 -3.44 so 41 34 31 34 Fe I 2.48 16 13 12 13 14 
8396.90 
-1. 54* 169 169 158 160 188 Ti I 0.81 91 133 171 243 379 
8387.78 
-1.64 396 375 396 441 598 Fe I 2.18 264 310 364 485 750 
8382.78 
-1.34 414 429 445 468 558 8382.54 0.81 291 406 524 745 1170 Ti I 
Note to TabZe 4: 
log gf values for lines marked (*) were changed to 
-1. 91, 
-1.62 
and -1.94 respectively to fit the reference star Y 5584. 
FIG. 2. - Comparison of observed (e) and predicted (+) equivalent widths for Fe I 
and Ti I lines in the normal M dwarfs Yale 5117 and 5584. Plus signs have been omitt-
ed for three systematically discrepant lines. The horizontal dashed lines show the . 
strength of "imaginary" lines misidentified from the image-tube/plate noise. 
-4r-~--.-~~~~~-r-~~~~~,--~~~~~.-~~~~~.-~~~~~~ ......... 
• 
Y 5117 • 
-5 
log WJA Fe I Ti I 
• Y 5584 
-5 
• 
-6 _ 7 -6 loggfo-ex -4 3 f--' 
Vl 
co 
FIG. 3. - Predicted equivalent widths at two effective temperatures. ~ = 2.5 km/s 
was assumed with the following variable parameters, (log g, [M/H]). Solid curves: 
(4. 75, 0) and (4. 75, -1), }..: (5. 75, 0) and * : (4. 75, -2). 
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3750 K. At 3250 K only the weaker lines are sensitive to abundance. 
Increased damping affects the stronger lines in the cool metal defici nt 
atmospheres, where pressures between 10 6 and 10 7 dynes/cm 2 are reached in 
the line forming regions. 
The case of Ti I is complicated by the effects of both ionization and 
association at different temperatures and pressures (Figure 1). At 3750 K 
the formation of Tio does not greatly affect the strengths of Ti I lines, bu 
a break is noticeable in the theoretical curves of metal deficient models. 
This is cau sed by the higher excitation of the weak Ti I lines. These 
lines are formed deeper in the atmosphere where Ti I is relatively more 
depleted by ionization. This is more apparent in the metal deficient model s 
in which the degree of ionization is greater . A more drastic effect is 
apparent at the cooler temperature, whereby the abundance sensitivity is 
actually reversed among the stronger , low excitation lines. This is a 
result of the greater depletion of free Ti in the solar composition model s 
by TiO. 
Direct comparison of Kapteyn's star with theoretical curves of the 
appropriate temperature (3500 K) is made in Figure 4. It is inunediately 
apparent that a metal d ficiency greater than a factor of ten is inconsis -
ent with the present data, unless perhaps the microturbul nee in Kapteyn' s 
star is consid rably higher than in the reference star Yale 5584 . Possibly 
still more apparent, however, is the need to improve and extend the few 
line measur m nts presented here. Identifications and measurements have 
been mad her down to the limit of the image-tube/plate noise. Large 
perhaps e ven systematic , uncertainties therefore affect lines with log WA /A < 
-5. Further spectra at higher resolution are needed to supplement the 
present data. In addition, interpretation of the stronger lines is hinder-
d by un~ rtainties in the microturbulence and damping. 
16 2 
Ne verthe l ss , a diff rential abundance s imat has b n made o n th 
assumption of equal mi c roturbul ence in Kapt yn ' s star a nd the r e fer nc. 
Using h sam simple interpolative method used to s timate th effective 
temperatures in Paper IV and giving half w i ght o lines with log WA/A < - 5 , 
we find for Kapteyn ' s star [Fe/H] = -0.5 + .3 and [Ti / H] = - 0 . 2 + . 3 . Th 
quoted errors are deriv e d from the uncertainty in the atmospheric paramet r s , 
but do not take into account the uncertainty involv din fitting th s mall 
number of me a s ure d lines . Th e forme r errors were deri ved by e xplici ly 
fitting the limiting atmospheric parameters discussed earlier. 
These est imates are in reasonable agreement with [M/H] = -0.5 + . 3 
derive d in Paper III from the TiO band strength , on the hypothe sis that t he 
0/C ratio was so lar ([0/C] = 0). No relative oxygen richness is therefore 
apparent in Kapteyn' s star . Limits consistent with observational error may 
now be placed upon 0/C by combining the results for both lines and bands. 
To set an upper limit on [0/C] we may consider a model with parameters 
T = 3500 K, log g = 4.75, [M/H] = -0.7 but [0/C] = 0.3 which also fits the e 
TiO band strength of Kapteyn' star. Small positive departures from zero 
[0/C ] should therefore obey the approximate relation [Ti/H] + [O/C] - - 0.5. 
Allowing for the quoted 0.3 dex observational error we may writ e 
[0/C] < -0.2 - [Ti/HJ. However , for [0/C] = 0, [Ti/H] = - 0 .2 + .3 was the 
earlier result from atomic lines. Due to depletion of the free titanium, 
any oxygen richness strengthens the resultant inequality [Ti/H] > - 0 .5. 
Hence we obtain [0/C] < 0 . 3 as an upper limit on the oxygen ri c hness of 
Kapteyn ' s star. In addition, the complete disappearance of TiO bands in 
models with O = C implies from Lambert ' s (1968) solar abundances a low r 
limit [0/C] > -0.3 . The 0/C ratio in Kapteyn's star is t hu s wi thin a factor 
of two of the solar value . 
Th e quivalent widths of Yal 5817 are al s o plot e d in Figure 4. 
In Pap r IV this star was iden ified among other " DOD stars '' as s howing a 
.---... _ ,...--
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J-H d ficiency characteristic of the metal deficient halo stars and being 
mildly subluminous. Yale 5817 has TiO bands of normal strength for its 
temperature and solar abundance. The mild departure of the measured lines 
from the theoretical curves of solar abundance is similar to that of 
Kapteyn's star. The indicated metal deficiency is [Fe/HJ = -0.3 + .3, 
[Ti/HJ = -0.4 + .3. In §v it will further be seen that the Ca II line 
strengths of Yale 5817 are similar to those of Kapteyn's star . 
V. THE CA II IR TRIPLET 
The remainder of the s ubdwarfs of Paper III are so faint (with the 
possible exception of Barnard' s star) that strong lines offer the only 
currently available c heck on abundances derived from Ti O bands. Strong 
lines show a more mark e d dependence on abundance than l i nes of intermediate 
strength, but there are greater difficulties associated with their measure-
ment and interpretation. 
Firstly , t h e measurement of s trong lines requires specia l care in 
location o f the continuum. This prob l e m is illustrated by the range o f 
published mea s ure ment s of the solar Ca II triplet (Table 5 ). Remeasurement 
of the l i nes in the solar atlas of Delbouille and Roland (1963 ) yielded a 
r esult close to that of Holweger (1972). In thi s remeasurement the full 
e xtent of the wings of the lin s wa s judged from calculated line profil s 
of varying equivalent width. An iterative procedure of this type assis s 
in the location of the continuum height to the last on or two percent. 
TABLE 5 
CA II IR TRIPLET , WA
0 
(~) 
Moore 
A et al . Holweger Re- Calcul-(~) ( l 66 ) (1 9 7 2 ) measured a ed 
8498 1470 1250 1 235 ll80 
8542 36 70 3250 3330 3464 
8662 2600 2600 2580 2622 
........ 
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A second difficulty is th evaluation of the damping constant, whi c h 
has an equal role with abundance in determining the lin s trength. Damping 
of strong lines in cool stars is primarily by collisions between th absorb-
er and ne utral species , generally described by a van der Waal ' s (r- 6 ) inter-
action . The interaction constant (C 6 ) can b e calculated e xactly in th e c a se 
of hydrogenic ions (such as Ca II) by Unsold ' s (1955) formula. Ne ver heless , 
Holweg r (1972) has found that an enhancement factor (UEF) of 0.6 dex to the 
Unsold int raction constant is required to match the solar Ca II trip! t 
line strengths. 
A third problem concerns the effect of departures from the LTE 
theory of line formation . Gross chromospheric effects which can send the 
resonance lines of calcium into emission probably do not affect the IR trip-
let so markedly. Linsky (1972) has found no self-reversal in the triplet 
lines in the quiet sun; only in plages is some filling-in of the cores 
noticeable, strongest in A8498 . According to Anderson (1974) there i s no 
distinct emission within the profile of A8498 in late type giants even wh en 
the Kline is in emission . 
However, the LTE assumption of a Planckian source function must be 
suspect for these lines, even in the photosphere where the line wings are 
formed. In the sun 75% of the e quivalent width of the s trongest line, 
A8542 , is formed by wings whose residual intensity is greater than 0.7. At 
R = 0 . 7 a line optical depth of unity is attained at T - 0.2 so that the 
bulk of the line ' s equivalent width is formed between .02 < T < 0.2. In thi s 
region n 4 x 10
12
, and from Linsky ' s (1968) rate equations the ratio o f 
collisional to radiative de-e xcitation between the leve l s (£ ) - 1. (Th e 
ratio of photoionization to radiative de-excitation (~ ) << 1.) The br ak-
down of th LTE a ss umption that £ 1 suggests in the wo-l e ve l atom 
approxima ion a clight e nhan cem nt of the line strength ov r its LTE value 
as J < B by - 10% in this r gion of th atmosph r . Th erefor th V V ff c t 
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may be small even in a 3500 KM dwarf where£ - .2 and J < B by -15% in 
V V 
the equivalent width forming region. However, such estimates are only crude 
approximations and justify the present LTE assumption only as a tentative 
step. Detailed calculations following Linsky (1968) are recommended for a 
more exact study. 
As in the previous section we proceed in two differential steps. In 
the solar case reasonable agreement is obtained between the remeasured 
equivalent widths and calculations using Holweger's (1972) data for these 
lines (but reducing the UEF from 0.6 to 0.4 dex). To obtain theoretical 
line profiles for the stars Yale 5117 and 5584 the atmospheric structure 
and opacities of the grid of models were interpolated in temperature and 
gravity, yielding the profiles of Figures 5 and 6. The theoretical line 
profiles have been convolved with a Gaussian instrumental profile of half-
width 320 ~, measured from tracings of the comparison lines. 
Figure 5 shows the reasonable agreement obtained between the calcul-
ated and measured line profiles for A8542. The wings of the calculated 
profiles do appear somewhat too shallow, however, and the cores too deep. 
Good agreement should not be expected in the line cores which are certainly 
formed in the chromosphere. The measured line cores may also be slightly 
affected by light scattered in the spectrograph, for which no corrections 
have been made. A rough check on this may be obtained from a measurement of 
R = 0.25 for A8542 in a rather poor quality spectrum of a Cen A (G2V). The 
C 
solar value is 0.20. 
More markedly discrepant line cores, however, are seen in A8498 
(Figure 6). Since this weaker line should be less affected by possible 
scattered light corrections, it is suggested that some filling-in of the 
A8498 line may be occurring in these {and therefore other) M dwarfs. Both 
these stars are Ca II Kline emitters {Evans et al. 1957). However, 
observations at much higher resolution would be required to positively 
identify reversals in these stars. 
FIG. 5. - Comparison of observed (solid) and predicted 
(dashed) A8542 profiles for the normal M dwarfs Yale 5117 
and 5584. 
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Only AA8498, 8542 appear on the 10 ~/mm plates, so that A8662 cannot 
be discussed here. A center at 8450 ~ was chosen for these plates, closest 
to the spectral region of interest, as the focus towards the edges of the 
image-tube phosphor was found to be soft. 
A final comment on the line profiles concerns the possible effect of 
large scale velocity fields generated by convection in the line forming 
regions. At 3500 K effective temperature convective instability extends 
tQ T = 2 x 10- 3 • However, typical convective velocities in the mixing 
length theory (1/H = 1) are only -0.2 km/s, and the effects of such macro-
turbulence would not be detected. 
The foregoing discussion of the limited higher resolution data sugg-
ests that we may be reasonably confident of the equivalent widths predicted 
by the models (Table 6) at least for A8542. In Figure 7 this indeed proves 
to be the case for stars of solar composition (solid symbols) for log T > 
e 
3.5. Below this temperature the observed points deviate from the theoretical. 
A plausible suggestion is that this is due to the encroachment of the 
shallow TiO depression identified in §II. No such effect is apparent in 
A8662, which is beyond the TiO depression. In A8662, however, an overall 
discrepancy is apparent in the sense that the predicted equivalent widths 
appear a little too strong. 
Figure 8, however, shows the complex behaviour of the IR triplet as 
a function of gravity and abundance at different temperatures. At constant 
temperature the weak line strength of Ca II can be shown approximately 
proportional to (M/H)~ when Ca is completely ionized (log T > 3.55) and 
e 
approximately constant when Ca is mostly neutral. Similarly, the weak line 
strength is inversely related to the gravity. However, for strong lines 
pressure broadening counteracts these trends in cooler and denser atmos-
pheres, reversing the gravity dependence at about the main sequence value, 
and quite remarkably, reversing the abundance dependence at the lower 
temperatures. 
FIG. 7. - Equivalent widths of \\8542, 8662 versus log T. e 
Different populations are shown according to the following key. 
Solid cir cles: OD, solid squares: YD, open circles: Halo (Eggen 
1973), open squares: Halo (Rodgers and Eggen 1974), open tri-
angles: DOD. The key for predicted equivalent widths is given 
in the di agram; the ZAMS values are interpolated using the 
gravities of Paper IV, Table 7. 
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TABLE 6 
CALCULATED EQUIVALENT WIDTHS OF AA 8542, 8662; 
G475 G475 loc; T G375 G475 G575 
e M/10 M/100 
3 . 602 .537 .499 .499 .342 
.415 .380 .380 .214 
3. 5 74 .495 .435 .467 .373 .398 
.374 .315 .349 .246 .272 
3. 544 .424 . 373 .424 .403 .sos 
.306 .256 .303 .285 .385 
3. 512 .315 .286 .380 .394 .555 
.191 .160 .258 .274 .424 
3. 477 .186 .209 .340 .358 .544 
.072 .092 .213 .235 .406 
The- columns above are labelled with a simple code for 
meters of 
The upper 
the model. e.g. 
column 7 : log g = 4.75, [M/H] = -1, 
[Ca/M] .= 0.5 
entry is A8542, the lower, A8662. 
TABLE 7 
METAL ABUNDANCE OF HALO AND DOD STARS 
ESTIMATED FROM AA8542, 8662 
Name [M/H] [M/H] from TiO 
y 757 -0.7 ± .3 -0.8 ± .3 
y 1121 -0.9 ± .5 -o.s ± .5 
y 1181 -1.2 ± .5 -0.5 ± .3 
y 3547 -1.0 ± .3 
y 3924C -0.6 ± .2 -0.5 ± . 3 
Y 5084 -0.9 ± .4 -0.3 ± . 3 
y 5817 -0.9 ± .s 0.0 ± . 3 
no 
LOG WA cRl 
G475 G525 M/10 M/10 CA 3 
.524 .399 
.402 .273 
.496 .452 
.376 • 334 
.467 .476 
.348 . 356 
.454 .459 
.334 .337 
the relevant para-
-FIG. 8. - Predicted equivalent widths of A8542 as a function of gravity 
and composition. The curves are labelled with the code of Table 6. 
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The mod ls actually pr edict, t here f ore , that belou, a certain emper-
atur e m tal de ficient stars will show stronger alciwn triplet line. than 
stars of solar composition . This effect is indeed obse rved in Figure 7, 
where th halo and DOD stars lie generally above the normal main seque nce 
s tars. This is seen more cl arly in A8542 than i n A8662 where more noise 
is appar nt in both groups of stars . It is not clear , however , that the 
transition with decreasing temperature from positive to negative abundanc 
dependence is observed . The hottest halo star observed (LFT 14 27, [M/H] = -1, 
Paper III) shows very strong l i nes , but these are uncerta in a s the pla e i s 
rather severely underexposed. Observations of hotter halo stars (R-I ~ . 6) 
are require d to test thi s prediction . It is wor thy of note that besides 
LFT 1427 anothe r very metal deficie nt star from Paper III (LFT 775, 
[M/H) < -1.3) is also very strong in A8542 . 
Quantitative interpretation of Figure 7 is d ifficult, though pr obably 
n more s o than of the Ti I lines considered earlier. In the region o f th 
predic ed r e ve r s al of abundanc depe nde nce (3.55 < log T < 3 . 58) t he de riv-
e 
ed abundance is d epe ndent e ve n for its sign upon th gravity a ssumed. For 
log T < 3.49 contami nation by Ti O is probably present . But within h e 
range 3.49 < l og T < 3 . 55 metal abundances have b en ca l c ulated for th 
e 
halo and DOD s tars (Tabl e 7), assuming as for Kapteyn' s star that log g = 
0 . 25 + .15 and giving t wice th weight of A8662 to A8542. The th oretical 
c urve s w re u s d diffe r n tia ll y with r espect to thew 11 defin d norma l main 
sequ e nc line . The error s quoted deriv about equally f r om observa ional 
e rrors and un c r tainties in th a mospher·c param ters discuss d e rli r. 
Th e 11 zero-ag 11 and contrac ting star of Paper IV li e tog th r within h 
range of obs rvational error (a t 1 ast for A8542), consistent with a s mall 
spread in abundance . Th gravity depend nee of t h C II lines is doubl e 
valued wi ha s t tionary point c los to t he ma i n s qu nc valu (Figu r e 8 ) . 
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Also shown in Table 7 are metal abundances derived from the TiO 
bands . M asurement of the lµ continuum gradient (Paper IV) has enabl d 
resu lts for t wo stars (Yale 3924C and 5084 ) to be added to those of Paper 
III. A s y s tematically greater metal deficiency is derived from the Ca II 
lines , al hough the mean values lie generally wi hin the quoted errors . 
This might simply be taken as confirmation of a s lightly larger sys e mati c 
error for the TiO abundances than that already suggested in Paper III , but 
for the fact that the stars showing marked abundanc di screpancies are Yale 
1181 (Kapteyn ' s star) and Yal e 5817 , the very two stars for whi c h rather 
s light metal deficiencie s were derived in the previous section . 
A hypothesis whi ch would e xplain the strength of the Ca II lines in 
these two stars i s that Ca is not as deficient as the other m tals. Resul s 
for me tal deficient models with a relative overabundance of Ca are given in 
Table 6 and s how a positive dep ndence on [Ca/M]. Thi s starkly demonstra s 
the fact that the abundance estimates of Table 7 are not simple estimates 
of [Ca/H]. On the contrary , the metals whose abundan ce is estimated in 
Table 7 are the electron donors (of which Ca is , of course, one) , whose 
deficiency results in higher atmospheric pressure , thereby strengthening 
the Ca lines . The complications thus introduced by abandoning the uniform 
metal d eficiency hypo t hesis do not seem warranted at this stage , whil e un-
certainti s still remain in the damping and line formation processes for 
these lines. 
VI . DISCUSSION 
In this section we bring together results on the composition of 
Kapteyn ' s star and clarify and discuss the assumption on which they are 
based . The overall difficulty of identifying metal deficient M dwarf s 
spectrosc0pically is discussed . 0th r problems rai s din Paper IV concern-
ing th structure of t he lower main s quence are xamin d. 
I 
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(a) Kapteyn's Star 
The f ollowing estimates of [M/H] are available: 
(1) From Fe I and Ti I lines [M/H] = -0.5 + .3 and -0.2 ~ .3 respectively. 
An assumption of particular relevance is that the microturbulence in Kapteyn's 
star is no different from that in the reference star , Ya l e 5584. In addition, 
the assumed damping is not unimportant. 
(2) From Tio bands (Paper III) [M/H] = -0.5 + .3. The key assumption that 
[0/C] = 0 appears to be validated within limits. 
(3) From the Ca II IR triplet (whose abundance sensitivity is reversed) 
[M/H] = -1.2 + .5. Uncertainties in the damping and line formation processes 
are important. 
Weighting each of the above results inversely as their errors and 
retaining the assumption of uniform metal deficiency, we derive 
[M/H] = -0.55 + .15 (p.e.) fo~ Kapteyn's star. 
Figure 9 shows finally the measure of agreement attained on the 
principal unknown atmospheric parameters of Kapteyn's star, the metal 
abundance and surface gravity re ative to a star of equal temperature on 
the ZAMS. Abundance and gravity indicators from Papers III and IV are 
included together with the present results. 
(b) Possible Systematic Errors 
Although a measure of agreement has been reached in these estimates, 
it is important to consider if any assumptions have been made, which, if 
unjustified, would cause all three abundance estimates to err systematically. 
One such assumption which relates to the continuous opacity and thus gener-
ally to bands and lines is the neglect of pressure dissociation (and non-
ideal gas effects in general). If the loosely bound H ion were dissociated 
at high pressures, a reduction of the continuous opacity could be effected 
in cool subdwarfs. Grossman (1969) has given what might be called a 
departure coefficient for pressure effects on the Saha equation. For H 
FIG. 9. - Constraints upon [M/H] and~ log g for Kapteyn's 
star resulting from the observations of Papers III, IV and the 
present study. The values finally determined are shown 
together with their probable errors. 
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thi s is approximately e xp (P/10 8 ) 3 at thes temperatur , essentially un i y 
at all atmosph ric pressures of relevanc he r , e ven allowing for som 
unce rtain yin this e xpression (Straka 1969). In addition Grossman and 
Grabos k (1 9 71) hav found non- i deal gas ef fects negligible for log p < -3, 
an order of magnitude denser than the line form ing region of a T 
e 
[M/H] = -2 mod e l. 
3000 K, 
A second possibility concern s the a ssumption of a standard h lium 
abundance (of 0.1 by number). If Kapte yn's star were mo r e helium rich , say, 
than stars of t he di s k population , neglect of the lower continuous opacity 
would re s ult in an und restimate of the metal defici e ncy fro m the TiO bands 
but an ove restimate from the Ca II lines . This possibility receives furth r 
atte ntion at the end of this section. 
(c) Metal Deficient M Dwarfs 
At the cool end of the main sequence the overall difficulty of 
identifying and estimati ng metal deficiency is apparent from the f oregoing 
di scus sion . Analysi s of the one star bright enough at h i gh dispersion shows 
that only w ak lin s of elemenl not af fecte d by molecular association are 
directly abundance sensitiv e below 3500 K. The strong Ca II line s of the 
IR triplet actua l ly show an gative dependence on metal abundance as a 
result of pressure broad ning. 
Prcssur broad ning undoubt dly holds the key to th inte rpretati n 
of other strong lines in cool M dwarfs. Spinrad (1973) ha s found that th 
halo stars Yal 1 4 2 and 4098 and also Yale 49A ha ve v ry strong Na D lin s . 
He has s ugges d hat these stars are metal rich. Howev r, once Na has 
b come mostly n utral (log T < 3 .49 ), the s ame reversal f the abundanc 
e 
dep nd nc is to b e xp c ed. It is probable, th refer that thes stars 
are in fac m al poor, as might b s uppos d from h ir kin matics . 
Recognition of m ta l d fici nt M dwarfs from low disp rsion sp c ra 
s t hu s s v r ly hamper d , as R dg rs and Eggen (1 74) h v . fo und . Th e 
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problem c los ly parallels that of t he spectroscopic id ntification of cool 
white dwarfs (Hintze n and Strittmatte r 1976) . Howev r , in the present c a s 
of the M s ubdwarfs the strength of the TiO bands does provide the r equired 
discri minant . Interpretation of the band streng th is made by comparison 
with a r e ference star at the same temperature (Pape r III}. The t e mperature 
index m(l0 235 } - m(7520 } has b een recommended for this in p reference to th 
TiO blanketed R-I color . 
These comme n ts mphasise the role of TiO band measure ments in 
establ ishin g the spread of abundance in the une volved halo population. Th 
r cogn ition of M s ubdwarfs is of importance for establishing the luminosity 
functions of s ubluminous objects (e .g. Eggen 1976). 
(d) The 0/ C Ratio 
From the present result s it is now possible to e xamine some of the 
outstanding problems of Paper IV . Firstly, evidence ha s been presented tha , 
at least for Kapteyn' s star , a h igh 0/C ratio is no t admissible to explain 
the s tre ng t h of the TiO bands. Two other such problems are dis c ussed below. 
(e) The DOD Stars 
These stars were ide ntified in Paper IV as mildly subluminous old 
disk stars with a J-H deficiency . This was attribute d tentatively to metal 
deficiency, but possibly to higher gravity. The six DOD stars in this study 
have Ca II lines consistent with the hypothesis of metal d e ficiency. For 
only three can this deficiency be quantitatively estimate.:l. For one star 
(Yale 3924C} this estimate confirms the weakness of the TiO bands: for a 
second (Yale 5817) it conflicts with a normal TiO band strength (Table 7). 
A mild metal deficiency, however, is apparent for Yal e 5817 from the 
neutral metal lines. The hypothesis of metal deficiency for these stars 
as a group may be conside red strengthened but not definitely established . 
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(f) The Theor tical bo l f or Coo l Subdwar f s 
In h (~01 , log Te) plane Kapteyn ' s star ([M/11] -0.55 + . 15 , 
log T 
. Sr. ) is subluminous by - 1.l mag. In Pap r IV i wa s point d o u 
hat th 1nte rior mod ls of Copeland e t al . 1970 ) pr di t ~ol = 0 . 6 for 
[M/H] = -0 .8 a log T - 3.59. lt wa s argued that an absolut t mpe rature 
discrepancy b tween the ory and bs rvation made comparison at th s mp ra -
tures appropri t. By contrast, a late G and an early K subdwarf (s e §I) 
lie 0 . 2 + .15 and 0.6 + .2 mags r spectively below Egg n' s (1973 ) main 
seque nce , wh reas the ZAMS models of Copeland e t a l . rr diet 6~
01 
= 0 . 
for [M/H] = -1.3. (For log T < 3.7 a slight extrapolation of the e volu-
e 
tionary models of Hartwick and VandenBerg (1973) suggests that in 10 10 y ar s 
a star of [M/H] = -0. 5 will evolve negligibly (< 0.1 mag) above its ZAMS.) 
This sugg s s that either the luminosity sensitivity of the ZAMS model s of 
Copeland e t a l . to metal abundance is too low, or the derived metal abund-
ance of Kapteyn ' s star is too high. 
How v r, in the light of th earlier discussion of systemati c eff c s, 
a suggestion of Spinrad (1973) should also be consid red. If the composi-
tion of Kapt yn ' s star were in fac (H : He) = (0.6 : 0 .4) rather than the 
standard (0.9 : 0.1) , an addition 1 6~01 of 0.5 mag would b predicted 
(differ ntially) from he mod l s of Cop land e t a l . Moreov r, mod 1 a mos-
p h res cal ula d with these parameters close the gap between [M/H] deriv d 
from the TiO bands (- 0 .8) and from the a II lines (-1. 0) , as sugg std 
earlier . Against this, anomalously strong CaH bands are pr dieted, and 
little chang occurs n he abundanc d rived from th n utral metal lines. 
Furthermore, al hough h se stars may b fully mixed, h inadequacy of h 
burning r l prod uc such h lium nri chme n has b n n ted i n Paper IV. 
A chanc primordial n ichment w uld certainly be unconv n ional and hard 
o s ustain for h similar s ubdwarf from Paper IV (Yal 1121, 5084) in 
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addition to Kapteyn ' s star . It seems that this matter is unlikely to be 
resolved , as the helium abundance of cool stars is impossible to c heck 
directly. Of course , much of the original motivation for Spinrad' s (1 973 ) 
s ugges ion di sappears with the recogni ion of metal deficiency i n M s ub-
dwarfs , laving only the quantitative discrepancy here described. 
VII . CONCLUSIONS 
(1) In this paper the metal abundance of the nearby M subdwarf Kapteyn' s 
star has been derived from a 10 ~/mm spectrum in the near IR. Lines of 
Fe I and Ti I yield a metal abundance concurring (wi thin the errors) wi th a 
pre viou s result from TiO bands. Some discrepancy is app re n t in an estimat 
derived from t he CaII IR triplet, howe ver. The weight d mean resul i 
[M/H] = -0. 55 + .15 (p.e.). Fur t her me a s urement of weak Fe I lines is 
recommended. 
(2) Th abundance sensitivity of the Ca II IR triplet is reversed at low 
temperatures owing to pr essure broadening . It is probable that pressure 
broadening similarly affects other strong lines . Uncer ainties in damping 
and line forma tion theories may render t heir use as abundance estimators 
unreliable. 
(3) From t he TiO bands and Ti I lin s measured in Kapteyn's star , no 
relative oxygen overabundance is apparent . The limi ts I [0/C ) I < 0 . 3 repre-
sen t the observationa l errors . 
(4) Th e sp ctroscopic identification of M subdwarfs is sev rely complic-
ated by the eff cts of pressure broadening and the behaviour of atomi c lin s 
of elements par ly a ssociated in molecules . The best q uantitati ve indicato · 
at low dispersion appears to be the weakening of the TiO bands at constant 
t mpera t ure ; strengthening of certai n strong lines may prove a useful 
quali tativ indicator. 
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(5) A previous hypothesis that J-H deficient old disk stars are metal 
deficient is strengthened by the present results (bu should not be regard-
ed as positively established) . 
(6) A conflict remains between theory and observation over the e x ten 
of the subluminosity of metal deficient M dwarfs e ven r lativ to th ir 
earlier type counterparts. 
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APPENDIX 
THE IMAGE TUBE COOLING SYSTEM 
The image tube cooling system was designed to mount the following 
components (Figure 10): 
AS: Aplanatic sphere (in housing) [existing - see Butcher 1974). 
An alternative to this is a flat window. 
N2: Inlet for dry nitrogen flushing. A continuous flow of 4 litres/ 
minute is controlled by a CIG flowmeter. 
FF: Field flattener, contacted to the image-tube faceplate with 
optical grease, located by three centering lugs. 
CR: Cooling ring, contacted to the copper collar supporting the 
cathode of the image tube. 
TL: 
V8605: 
P: 
Thermal lead, to detachable dry ice coldbox. 
Varo 8605 image-tube [existing, potted]. 
2" x 2" photographic plate located by spring-loaded plunger/ 
plateholder [existing]. 
FIG. 10. - Schematic diagram of the image tube cooling system. 
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SUMMARY 
In this thesis the structure of the lower main sequence has been 
examined by studying the atmospheric parameters of a sample of M dwarfs of 
different populations. A Kinematic definition of these populations has 
proved a helpful basis for the present study. The existence of a group of 
superluminous stars contracting to the lower main sequence and of a group 
of subluminous metal deficient stars has been confirmed. A major new result 
of the present work, however, and one not anticipated in the introductory 
discussion of spectrophotometric indicators, is that individual stars can be 
reliably assigned to their respective age/composition groups (or populations) 
on the basis of JHK colors. 
The three populations which are separated in the schematic (J-H, H-K) 
diagram of Figure 1 and in the theoretical HR diagram are: 
1. The contracting stars. Of lower gravity than stars of the same temp-
erature on the main sequence, but of approximately solar composition, these 
stars lie above the main sequence. It has been estimated that the contract-
ing stars identified here are younger than 10 8 years old. However, masses 
or improved spectroscopic gravities are required for detailed comparison 
with pre-main-sequence isochrones. 
2. A reference Zero Age Main Sequence of stars of solar composition 
which have completed the contraction stage (- 10 9 years). 
3. Metal deficient stars. A wide range of metal abundances is present 
among the nearby halo stars judging from the strength of the TiO bands 
(shown to be the most reliable indicator at low dispersion). Halo stars 
have been identified with abundances less than a factor of twenty and 
within a factor of two of the solar value. At present only the more mildly 
deficient have good JHK photometry and reliable trigonometric parallaxes. 
The surface gravities of these are no more than twice the main sequence 
value (at the same temperature), in agreement with theoretical ZAMS models. 
FIG. 1 . - The schematic (J-H, H-K) diagram. The areas 
occupied by the three populations of M dwarfs are indicated. 
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However, they are more subluminous for their abundance than predicted by 
t he interior models. 
It is suggested that measurement of o(J-H) (relative to the referenc 
main sequence at given H-K) may now prove more reliabl than kinematic 
criteria in indicating the age and composition of M dwarfs. The distinction 
between old and young disk populations appears somewhat artifjcial from th 
rather arbitrary boundaries of the young disk and from the necessary pres-
ence of old disk interlopers in this subspace. In addition the old disk 
population is known to contain some mildly metal deficient stars (as 
suggested by the identification of the DOD stars). However, the present 
study confirms the usefulness of a rather exclusive definition of halo 
stars (e > 0 .45) in i s olating metal deficient stars. 
Some oth r important results of this study can b numerated bri fly: 
1. An effective temperature calibration of M dwarfs hotter than 3000 K 
has b en obtained by fitting models to he stellar fluxe s between 0.6 and 
4µ. These are an improvement on previous blackbody fits , but consid rable 
systematic unc rtainties remain. Alµ continuum gradi nt s uch as 
m(7520) - m(l0235) (140 ~ bandpass) seems to offer th purest singl temp r -
ature index. 
2. Bolometric corrections were also obtained from this procedur and 
are in good agreement with previous work. Bolometric corrections to infra-
red bandpasses (e.g. I , J,H) are to be preferred for lat type s tars and 
have been fully detailed here. 
3 . Differential line blanketing is a minor contributor to the spread 
of the solar composition lower main sequence but an important contributor 
to the separation of metal deficient stars in color-magnitude diagrams. 
Th s e stars ar g nerally redd r in B-V and bluer in R-I and V-K than stars 
of the sam t ~ ratur of solar composition owing to the weakening of 
their TiO ban 
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4. Strong (damping) lines may be a poor alternative low dispersion 
abundance indicator to the TiO bands. In cool metal deficient dwarf s pres-
sure broadening actually strengthens the Ca II IR triplet. 
The present work is only a step towards the goals identified in the 
introductory discussion. This study has been undertaken under a number of 
constraints, some imposed by practical considerations , others chosen to 
limit the area of concern. It is important to identify these. 
1 . The model atmospheres calculated to provide a quantitative under-
standing of the observations have been limited by the simple ODF treatmen 
of line blanketing adopted. Alternatives to this treatment which are now 
becoming practicable were briefly described in Chapter 2. The uncertainty 
regarding the strength of the H20 blanketing requires further observation 
(see Chapters 2 and 4). 
2 . The temperature and luminosity calibration has b een limited to 
T > 3000 K. This constraint was imposed by the opac ity sources included in e 
the models . Review of the equation of state and inclusion of he sing l t 
s yste ms of Ti O is required in cooler models. 
3. Only the brighter M subdwarfs have been studied in the PbS infrared 
and at high disp rsion. According to their TiO band s rengths these are 
only mildly melal deficient; stars with [M/H] < -1 (Chapter 3) are som wha 
fainter. Thes observational limitations may be overcome by the use of 
InSb infrared d t ctors and by integrating TV spectroscopy. 
4. dMe stars have not been favored for inclusion in the present study. 
Previous work has sugg s ted, howe ver, that many of these may be still con-
tracting to th mains quence . Indeed , it is probabl t hat the young st 
contracting stars ar all dMe stars. The dMe stars ar undoubtedly impor -
ant for a compl t study of pre-main-sequence evolution. 
Relax~tion of the principal constraints id ntifi d above prornis s to 
enlarge our und rstanding of th low r main sequence. 
